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Series Editors? Foreword 


The series Advances in Industrial Control aims to report and encourage technology 
transfer in control engineering. The rapid development of control technology has an 
impact on all areas of the control discipline. New theory, new controllers, actuators, 
sensors, new industrial processes, computer methods, new applications, new 
philosophies..., new challenges. Much of this development work resides in 
industrial reports, feasibility study papers, and the reports of advanced collaborative 
projects. The series offers an opportunity for researchers to present an extended 
exposition of such new work in all aspects of industrial control for wider and rapid 
dissemination. 

Occasionally, the Advances in Industrial Control monograph series has the 
opportunity to publish a highly focused technical monograph on an emerging 
technology for a specialist domain of application. This is the case with this 
monograph Smart Helicopter Rotors: Optimization and Piezoelectric Vibration 
Control by R. Ganguli, D. Thakkar, and S.R. Viswamurthy. One of the many 
fascinations of such a monograph is to see how researchers develop and evolve a 
new applications paradigm. A considerable strength of this particular monograph is 
that the chapters have a strong narrative thread. The chapters begin from basic 
configurations and as the chapters proceed, build more and more realistic con- 
structional and operational features and constraints. Essentially the chapters are 
studies of the rotor vibration reduction potential for different rotor and actuator 
configurations. The results use application and laboratory test data in determining 
parameters to ensure the reasonable applications validity of the results presented. 
These are the initial studies of possible new routes to control the vibrations that 
occur in helicopter rotors with the objectives of increased safety, stability, and ride 
comfort. The technology uses smart piezoelectric materials to give control of 
"better" rotor shape. 

The book has a classical monograph format, with Chap. 1 presenting a detailed 
technical literature review of the nine topics that comprise the constituent subjects 
for the subsequent chapters of the monograph. This introductory chapter concludes 
with a short section describing the monograph's organization. Chapter 2 is about 
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modeling that describes the context and definitions of many of the terms used in this 
helicopter application. The remaining chapters of the monograph is then divided 
into two sets. Chapters 3—6 treat rotor vibration control using active flap actuators 
and Chaps. 7-11 treat rotor vibration control using rotor twisting delivered by 
piezoelectric actuation. References are collected together in one section at the end 
of the monograph along with four technical appendices. The chapters of the 
monograph are very strongly focused on these two particular helicopter rotor 
developments and the chapter sequence follows an agenda of increasing applica- 
tions realism. This has pedagogical value for understanding how to research and 
develop novel and new ideas for specific control applications. Helicopter rotors may 
seem to be a narrow domain but it is an important one, and the research reported 
here may have implications for other rotor applications, for example, the blades of 
wind turbine rotors. 

The use of smart materials and piezoelectric materials in control applications has 
received some exposure in the Advances in Industrial Control monograph series 
and readers might find the following two monographs to provide insight into related 
fields: 


e Design, Modelling and Control of Nanopositioning Systems by Andrew J. 
Fleming and Kam K. Leang (ISBN 978-3-319-06616-5, 2014); and 

e Advanced Control of Piezoelectric Micro-/Nano-Positioning Systems by 
Qingsong Xu and Kok Kiong Tan (ISBN 978-3-319-21622-5, 2016). 


Industrial Control Centre, Glasgow, Scotland, UK Michael J. Grimble 
Michael A. Johnson 


Preface 


Helicopters are susceptible to high vibration levels. The development of 
smart-material based piezoelectric actuators has made it possible to address this 
high vibration problem directly by developing a smart helicopter rotor. The basic 
idea of the smart rotor concept is to generate new unsteady aerodynamic forces and 
moments on the rotor blade which cancel the existing forces and moments which 
are the key sources of helicopter vibration. By appropriately actuating the piezo- 
electric materials using an electric field, the motion of the rotor blade can be 
actively controlled. The smart rotor development is multidisciplinary and requires 
knowledge of structural dynamics, aeroelasticity, helicopter dynamics, control 
theory, and piezoelectric materials. In this book, the concepts of active trailing edge 
flap and active twist rotor blade are investigated for the helicopter vibration 
reduction problem. These are the two most promising concepts for the development 
of smart rotor. The active trailing edge flaps are placed near the tip of the rotor 
blades and actuated at higher harmonics of the main rotor speed. In the active twist 
concept, the full blade is twisted at higher harmonics of the main rotor speed. 
Fundamental issues in the trailing edge flap problem include (a) the optimal 
number of flaps, (b) placement of the flaps along the rotor blade, and (c) optimal 
controller design for helicopter vibration and flap deflection objective. Typically, 
the active flap rotor is actuated by a piezostack actuator. Such an actuator can lead 
to hysteresis which can cause poor performance of the controller. In this book, we 
present a novel hysteresis compensation algorithm to alleviate this problem. 
Another problem in the trailing edge flap concept is the ability to use multiple 
trailing edge flaps effectively. This book presents a controller algorithm to maxi- 
mize the potential of multiple trailing edge flaps and a response surface-based 
optimization method to place such trailing edge flaps for best vibration reduction 
performance at least flap power. An optimization study, which shows that dual 
trailing edge flaps are best for vibration reduction, is also discussed. Multi-objective 
optimization is used and the pareto front for the flap design problem is studied. 
The book also showcases the concept of using piezoceramic-induced shear 
actuation for the active twist rotor concept. Active twist is investigated for a rotating 
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beam, a box-beam blade and an airfoil cross-section blade. Single-crystal piezo- 
ceramics are considered. It is also shown that nonlinearity of piezoceramic shear 
coefficient with respect to the applied electric field can be used to extract more 
actuation out of the material. A velocity feedback controller is implemented and 
found to be suitable for vibration control using active twist. Finally, it is shown that 
dynamic stall-induced vibration can be actively controlled using active twist rotor. 
As smart material concepts develop, the active twist concept becomes useful for 
reducing helicopter vibration and suppressing dynamic stall. 

This book will help researchers who are engaged in the development of active 
vibration control methods for helicopter rotors. It is also useful for researchers and 
engineers in the fields of smart structures, aerospace and mechanical engineering, 
control theory, applied mathematics, material science, and optimization. Most of the 
concepts are useful in all applications of rotating systems such as wind turbines, 
turbomachinery, and propellers. The authors are grateful to the Rotary Wing 
Research and Development Centre, Hindustan Aeronautics Limited, for supporting 
much of this work through a sponsored research project. 


Bangalore Ranjan Ganguli 
Baroda Dipali Thakkar 
Bangalore Sathyamangalam Ramanarayanan Viswamurthy 
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Chapter 1 
Introduction 


Rotorcraft are widely used in civilian, military, and commercial applications due to 
their ability to perform remarkable maneuvers such as hover, vertical takeoff/landing, 
and low-speed flight. Such unique abilities set them apart from their fixed-wing 
counterparts. However, these advantages come at the cost of complex aeroelastic 
phenomena, instabilities, and severe vibration and noise issues. High noise levels 
greatly restrict the use of helicopters over densely populated and urban areas. High 
vibration levels directly lead to passenger discomfort and high maintenance costs. 
This chapter provides the necessary background for the smart rotor concepts. The 
chapter is organized as follows. Helicopter vibration problem is explained in Sect. 1.1. 
Section 1.2 explains the passive control of vibration. Section 1.3 explains the active 
control of vibration. Section 1.4 presents actuation of trailing-edge flap. Section 1.5 
explains the induced shear strain actuation. Section 1.6 presents the optimal place- 
ment of actuators in active structures. Section 1.7 explains the actuator hysteresis 
model. Section 1.8 explains the active twist rotor. Suppression of dynamic stall- 
induced vibration is explained in Sect. 1.9. Section 1.10 gives the organization of the 
book. 


1.1 Helicopter Vibration Problem 


Helicopters suffer from severe vibration levels and fatigue loads compared to fixed- 
wing aircraft. The various sources of vibration in a helicopter are: the main rotor, the 
engine, tail rotor, and transmission. The primary source of vibration is the main rotor 
due to high degree of aeroelastic interaction between the highly flexible rotor blades 
and the inherently unsteady aerodynamic environment [1]. The lI/rev cyclic pitch 
used to control the helicopter also contributes toward harmonic airload excitations. 
Other sources of vibration are the asymmetry of rotor disk aerodynamics, blade— 
vortex interaction, high advancing blade Mach numbers, retreating blade-stall and 
© Springer International Publishing Switzerland 2016 l 


R. Ganguli et al., Smart Helicopter Rotors, Advances in Industrial Control, 
DOI 10.1007/978-3-319-24768-7_1 


2 1 Introduction 


Radial flow 


Stall effects Reverse flow T 
Dynamic stall due 
to blade vortex 
interaction 














Shock effects 
Trailed Vortices 


Fig. 1.1 Aerodynamic effects on a helicopter rotor 


out-of-track blades (Fig. 1.1). Cabin acceleration levels in most helicopters are typi- 
cally of the order of 0.15—0.2 g. However, it is desirable to reduce the vibratory loads 
in the cabin to less than 0.05 g (in all components) to achieve a smooth ride [2]. Severe 
vibration levels in helicopters lead to the fatigue damage of structural components, 
human discomfort, and reduced effectiveness of weapons systems. Consequently, 
helicopters require frequent maintenance checks and overhauls, thereby leading to 
high maintenance costs. Therefore, considerable effort has been devoted to study the 
problem of helicopter vibration prediction and reduction. The use of smart materi- 
als for helicopter vibration reduction is the main feature of this book. Many of the 
concepts discussed in this book are also applicable to other rotating systems, such 
as wind turbines, propellers, gas turbines, and steam turbines. 


1.2 Passive Control of Vibration 


Traditional methods to alleviate the vibration problem in helicopters are based on pas- 
sive approaches [3, 4]. A direct way to reduce vibration is through structure detuning. 
This can be achieved in two ways: frequency placement method or by modal orthog- 
onality placement method. In the frequency placement method, structural vibration 
is reduced by keeping the natural frequency of the structure away from the excitation 
frequencies (typically higher harmonics of blade rotation frequency). Modal orthog- 
onality placement method (or simply modal shaping) involves the maximization of 
orthogonality of the structural mode shapes to the spatial variability of the applied 
loadings. A disadvantage of the modal shaping approach is that it can achieve signifi- 
cant reduction only in one modal component and not all of them, which may actually 
worsen the response. This occurs because the net response at a critical point is a 
vector sum of the component modal responses which often involve a lot of mutual 
cancellation. 
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The implementation of design detuning is typically done by the addition of non- 
structural weight on rotor blades, since it is the only parameter that can be easily 
modified. This modification method leads to reduced payload capacity and higher 
static loads on the rotor blades. Also, the addition of nonstructural weight typically 
produces significant changes only in the lead-lag natural frequencies. Additional 
structural stiffening is required to modify of the out-of-plane bending frequencies. 


1.2.1 Vibration Suppression Devices 


Vibration suppression devices work on the principle that any vibration-prone struc- 
ture can be relieved of dynamic loads by suitably appending an appropriately tuned 
spring—mass—damper system to it. These devices can be broadly classified based on 
their location on or in the helicopter [5]. Cabin suppression devices work on the 
premise that the vibratory response of the fuselage can be reduced by increasing 
the apparent impedance of the structure at a few select locations. They can also be 
employed to move the location of a node or point of minimum vibration. A dynamic 
vibration absorber comes under this category. 

Vibration isolators attempt to decouple the dynamics of the main rotor from the 
fuselage dynamics thereby making the fuselage less susceptible to excitations from 
the main rotor. Typically, these devices replace the conventional transmission mount- 
ing and have been implemented both in passive configurations [6, 7] and as active 
systems [8, 9]. The drawbacks of this method are high weight penalty and high 
maintenance costs. Vibration absorbers like pendulum absorbers (pendab) and bifi- 
lar absorbers are passive devices used to absorb dynamic shear loads at the blade root 
before they propagate to the fuselage. They differ from the conventional suppression 
devices in that they are mounted on the main rotor itself and the centrifugal forces 
provide the stiffening effect [10, 11]. Typically, pendab are tuned at a frequency just 
below the excitation frequency and are quite effective in hub load reduction. They 
are easy to design, implement, and operate. However, the pendab mass required for 
effective cancellation of blade shear loads can be significant. Also, the friction in 
the pendab hinge is detrimental to its operation. The orientation of blade-mounted 
pendab changes due to the pitching motion of the blade leading to an undesirable 
coupling of blade lead—lag and out-of-plane bending motion. Pendab and bifilar 
absorbers also result in aerodynamic drag penalty. 


1.2.2 Aeroelastic Optimization 


Since the main rotor is the main source of vibration in a helicopter, an alternative and 
more direct approach is to design the rotor for minimum vibration. Many researchers 
have used optimization methods to design a low vibration rotor. Friedmann and 
Shanthakumaran used a structural optimization procedure to minimize vibratory 
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hub loads of soft inplane hingeless rotor [12]. The design variables were the span- 
wise mass and stiffness distribution of the blades. Constraints were placed on the 
blade natural frequencies and blade stability in hover. A reduction of upto 40% 
in vertical hub shear force was achieved. Celi and Friedmann conducted a similar 
study with the blade tip sweep as an additional design variable [13]. The use of tip 
sweep as a design variable gave an additional vibration reduction of about 10%. 
Design variables in other aeroelastic optimization studies include blade stiffness, 
cross-sectional dimensions, taper ratio, root chord, root mass radius of gyration, 
twist, and nonstructural weights [14, 15]. 

Ganguli and Chopra used tailoring of composite structural couplings in the blade 
spar to reduce hub vibratory loads and blade root dynamic stresses [16, 17]. The 
design variables were the ply angles of the box-beam blade spars. Constraints were 
placed on aeroelastic stability and blade natural frequencies. They achieved a reduc- 
tion of about 15—60 % in hub vibratory loads compared to the starting design. Also, 
the peak-to-peak flap and lag bending moments were reduced by 11 and 14%, 
respectively. Though the optimal ply angles were determined at an advance ratio 
of u = 0.30, the optimized design was found to perform well at other forward 
speeds too (u = 0.15-0.40). Yuan and Friedmann carried out a similar optimiza- 
tion study of a composite helicopter rotor with swept tip [18]. The design variables 
in this study were the ply angles of the blade cross-section walls, tip sweep, and 
anhedral angle. They found that the tip-sweep was the most influential among the 
design variables considered in the study. The vibratory component of vertical hub 
shear force was reduced by about 30—50 96 from the initial design. Many other studies 
have been carried out on structural and aeroelastic optimization of helicopter rotor 
blades. Detailed discussion of structural and design optimization studies in rotorcraft 
can be found in Refs. [19-27]. 

To summarize, passive systems are relatively simple and have no direct power 
supply requirements. However, they cannot adapt to change in flight conditions 
like forward speed, rotor rotational frequency, and/or blade dynamics due to mois- 
ture absorption or structural damage. Active methods overcome these shortcomings 
through the use of strategically placed actuators. 


1.3 Active Control of Vibration 


Active vibration control allows the vibration system to be able to adapt to sev- 
eral flight conditions, at a lower weight than passive devices. Also, active systems 
can absorb or supply power using actuators unlike passive systems which can only 
dissipate or store energy. Active materials like piezoelectric, electrostrictive, and 
magnetostrictive materials allow direct and efficient conversion of electrical energy 
to mechanical energy. They also reduce the need for large number of parts thereby 
minimizing potential failure sites. Semi-active approaches using electrorheological 
and magnetorheological fluid-based dampers have been studied for rotor vibration 
control [28—30]. Chen et al. have developed an adaptive impedance control algorithm 
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for a smart spring whose stiffness can be actively changed to control vibrations in a 
helicopter rotor [31, 32]. In another study, Nitzsche and Oxley showed that the smart 
spring was capable of significant reduction in the vibratory loads transmitted to the 
fuselage through the pitch link [33]. Anusonti-Inthra and Gandhi demonstrated that 
optimal multicyclic variations of rotor blade root flap and lag stiffness can produce 
simultaneous reductions in all components of hub vibratory loads [34]. Reductions 
in vibration performance index of over 90% were obtained with optimal 2/rev and 
3/rev flap and lag stiffness variations. Such variable stiffness elements are possible 
through the use of electrorheological fluids. 

Active control of structural response (ACSR) methodology employs vibration 
cancellation in the fuselage load paths by actively cancelling the incoming fixed- 
frame vibration (N;/rev for a N;-bladed rotor). In this approach, vibrations in the 
fuselage are reduced by introducing harmonically varying forces by actuators located 
between the rotor and the fuselage such that the sum of the response of the airframe, 
due to rotor loads and external excitation, is reduced to a minimum [35-37]. 

Among the active vibration control methods, higher harmonic control (HHC) and 
individual blade control (IBC) have received the most attention. For a N,-bladed 
rotor with blade passing frequency Q, the primary vibration transmitted by the rotor 
to the fuselage is at the N, 2 frequency which is also known as the N;/rev component. 
This N;/rev component of fixed-frame loads is caused by (N, — 1)/rev, Nj/rev, and 
(N, + 1)/rev harmonics of the blade loads in the rotating frame. Both HHC and IBC 
attempt to modify the above harmonics of the blade loads, albeit through different 
means, such that the resultant Np/rev hub vibratory loads are minimized. 


1.3.1 Higher Harmonic Control 


In higher harmonic control (HHC), the swashplate of the helicopter is excited at 
higher harmonics of the rotor rotational speed to generate new unsteady airloads that 
combine with oscillatory inertial loads to cancel the hub vibration. The excitation 
of the swashplate at multiples of Np Q frequency leads to (N, — 1)/rev, Ny/rev and 
(Np + 1)/rev excitation of the blade root pitch. The additional aerodynamic loads 
resulting from this excitation when properly phased leads to cancellation of the 
original oscillatory hub loads. Typically, higher harmonic pitch inputs of an order of 
2? were found to be sufficient to reduce hub vibration. 

Analytical studies in late 1950s and early 1960s used the concept of HHC for 
improvement of helicopter performance by eliminating retreating blade-stall [38, 
39]. However, these studies did not explore the potential of HHC in helicopter vibra- 
tion control. Molusis et al. established the applicability of HHC for vibration control 
in helicopters [40]. The benefits of HHC were further demonstrated in other ana- 
lytical studies [41—43], wind tunnel tests [44, 45], and flight tests [46—48]. HHC 
implementation needs the knowledge of the frequency response relating the control 
input to the output measurements at multiples of the rotor angle velocity [49]. 
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Though HHC is a mature and tested approach for helicopter vibration control, a 
number of issues have prevented it from actual implementation on a production heli- 
copter. Some disadvantages of this approach are: (1) high actuation power (especially 
for hingeless and bearingless rotors), (2) high cost of implementation in a production 
helicopter, (3) large weight penalty associated with the hydraulic actuators, and (4) 
the limitation of HHC to integral multiples of N;/rev excitation for a Np-bladed rotor. 


1.3.2 Individual Blade Control 


The individual blade control (IBC) approach allows each blade to be controlled 
separately at a desired frequency. In HHC for a 4-bladed rotor, excitation of the 
swashplate at 4/rev allowed only 3/rev, 4/rev, and 5/rev oscillations in the rotating 
frame. Whereas, IBC can be used to generate 2/rev and other harmonics in the rotating 
frame. IBC also allows feedback loops for each blade in the rotating frame. Another 
advantage of IBC is that sensing in the rotating frame makes the controller less 
sensitive to changes in the flight conditions. Such a controller is conceptually simple 
and uses constant gains. The concept of IBC was pioneered by Kretz [50] and was 
eventually reinforced by Ham [51, 52]. 
The IBC approach can be implemented using three different techniques: 


(1) In the conventional IBC approach, servo actuators at the blade root are used to 
actuate the entire rotor blade in the pitch direction [53]. 

(2) The entire blade is twisted by actuating the embedded piezoelectric materials. 
This approach is known as the active twist rotor (ATR) [54]. 

(3) On-blade partial span trailing-edge flaps are actuated to change the aerodynamic 
loading on the blade. The actively controlled flap (ACF) approach can be imple- 
mented in single- or dual-flap configurations. Each flap is individually controlled 
in the rotating frame [55]. 


In the conventional IBC approach, the pitch of each rotor blade is individually 
controlled in the rotating frame using servo actuators. This higher harmonic pitch 
input is superimposed on the l/rev pilot control inputs. IBC was first implemented 
on a MBB BO-105 testbed in 1990. Whirl-tower tests and flight testing confirmed 
the potential of this approach. Extensive wind tunnel tests including a wide range of 
flight conditions were conducted at NASA Ames Research Center [56, 57]. Detailed 
theoretical and experimental results on the benefits of IBC can be found in Refs. 
[58—60]. 

The drawbacks of the conventional IBC approach are high actuation power and 
high-pitch link loads. Both HHC and conventional IBC systems actuate the blades 
at the root, which may not be an efficient approach in terms of actuation power 
and load distribution. The ACF and ATR approaches overcome the above drawback 
by twisting the rotor blade partially or entirely through the use of active materials 
(Fig. 1.2). While both ATR and ACF are IBC approaches, they differ greatly in terms 
of implementation. 
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Fig. 1.2 Active twist and actively controlled flap concepts 


1.3.3 Smart Rotors 


More recent in the process of evolution of blade control are active control methods 
which include trailing-edge flap control and active twist control using smart mate- 
rials. Fundamentally, these methods are based on the concept of IBC, but use the 
higher bandwidth actuators. These methods are being explored to design rotors with 
reduced vibration levels toward pursuit of the long-term goal of *jet-smooth-ride" 
for a helicopter [61]. The application of smart structures to helicopters is given by 
[62]. While conventional methods based on vibration absorbers and isolators have 
reached a point of diminishing returns, the advent of smart materials has opened 
up exciting research opportunities in the area. The smart-structure concept is based 
mainly on three elements: actuators, sensors, and microprocessors [63]. An actuator 
normally converts electric inputs into actuation strain/displacement that is transmit- 
ted to the host structure affecting its mechanical state. A sensor converts strain or 
displacement (or their time derivatives) into an electric field. The microprocessor 
analyzes the responses from the sensors and commands the actuators to apply local- 
ized strain/displacement to alter the system response. The range of smart materials 
used are piezoceramics, magnetostrictives, electrostrictives, shape memory alloys, 
magnetorheological fluids, electrorheological fluids, and fiber optics. These materi- 
als, when integrated in a proper manner with the host structure, lead to a change in 
the structural characteristics/responses. 

Piezoelectric materials generate a charge in response to a mechanical deformation, 
and/or they develop mechanical deformation when subjected to an electric field. 
Hence, they are utilized either as actuators or sensors which ultimately contribute 
to a structure being smart. This ability of piezoceramic materials to actuate and 
sense simultaneously makes it a popular smart material. When a piezoelectric is 
used for both sensing and actuation, it is called a self-sensing layer. According to 
Irschik [64], the ability of structures with bonded piezoelectric patches and automatic 
control algorithms to react to external disturbances in a manner similar to human 


8 ] Introduction 


beings results in their being called “smart” or "intelligent" structures. Under an 
applied field, this material generates a small stroke and large force covering a wide 
range of frequency. Availability of a wider range of frequency makes it suitable for 
applications like active control. 

Shape memory alloys are among the other promising smart materials. They are 
capable of achieving high force and displacements by undergoing a phase transfor- 
mation at a specific temperature. They can recover their undeformed condition if 
their temperature is raised above the transformation temperature. But, the problem 
is that the response is very slow limiting the applications to 1 Hz. Electrostrictives 
are similar to piezoelectric, except for the fact that these materials are extremely sen- 
sitive to temperature and are monopolar. Magnetostrictive materials expand when 
exposed to a magnetic field. They can generate small strokes and large forces over 
a wide range of frequency but are monopolar and nonlinear. The setup with these 
materials also becomes bulky due to the elements like coil and magnetic return path. 
Both electrorheological and magnetorheological fluids come in the form of suspen- 
sions and respond in the presence of large electric and magnetic fields, respectively 
[65-68]. They change their effective damping properties in response to electric 
and magnetic stimuli, respectively. Comprehensive reviews on applications of smart 
materials are available in [69—72]. 

New and very promising materials known as single crystal piezoceramics are 
found to have induced strain actuation of an order of magnitude larger than other 
piezoceramics in current use [73]. Here, the major concern is to take into account of 
the strong dependence of material with varying orientation while building the actua- 
tor. Selection of application also depends upon the orientation with which the single 
crystal piezoceramic is built since the properties of these materials vary greatly with 
orientation. The development of smart materials has lead to considerable research in 
trailing-edge flap control and active twist control methods in recent years. Smart rotor 
for wind turbines have also been proposed. Bergrami [74] presents an aero-servo- 
elastic model for a wind turbine rotor equipped with trailing-edge flaps. The approach 
uses an aerodynamic model, a structural model, and a control model. The primary 
aim of this work is to reduce the fatigue loads on the turbine rotor. Model-based 
control algorithms are used to reduce the fatigue loads while assuming a standard 
wind field. 


Trailing-Edge Flap Control 


In the trailing-edge flap-approach, vibration control is achieved by exciting the flap at 
a combination of frequencies to produce incremental change in rotor lift and pitching 
moment which, if correctly phased, can cancel out most of the unwanted vibrations. 
Conceptually, the trailing-edge flap alters the maximum camber and tends to shift 
it toward the hinge point location. This alters the zero-lift angle and the effective 
angle of attack. This method has an advantage of having a high frequency band- 
width and a minimum of moving parts of compact size. Also, we need to mention 
here about the active passive hybrid optimization technique of rotor blades which 
uses a hybrid approach combining passive tailoring of the blade structure with active 
control using trailing-edge flap. In this technique, focus is simultaneously given on 
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vibration reduction and control effort [75]. Basically, the trailing-edge flap controller 
is combined with the structural optimization routine. Apart from piezoelectric mate- 
rials, vibration reduction in helicopter has also been attempted by using Terfenol-D 
driven flaps [76]. 

In the use of trailing-edge flaps, caution needs to be taken for uncoordinated 
motions, because these could result 1n local flow conditions, which enhance rather 
than alleviate airfoil-vortex interactions leading to an increase in vibration [77]. Also, 
moving parts in the structure have greater chances of wear and tear. Exposure of the 
trailing-edge flap to the airflow also causes a profile drag penalty. These deficiencies 
of the trailing edge flap point the way to using active blade twist as the long term 
solution to the helicopter vibration problem. 

Li and Balas [78] performed aeroelastic control of a wind turbine blade using 
trailing-edge flap. They used a mathematical rotating blade model with periodic 
time-varying aerodynamic load, which was predicted by the Beddoes-Leishman 
dynamic stall model. Floquet theory was used to predict aeroelastic stability of the 
rotating blade. They showed that a trailing-edge flap-based adaptive controller can 
restrain flutter vibration. 


Active Twist Control 


Another approach to helicopter vibration reduction is to actively twist the entire rotor 
blade. This leads to actively controlling the blade angle of attack distribution around 
the rotor disk by creating a time-varying and controllable elastic twist which in 
turn reduces helicopter vibrations to a great extent by influencing the aerodynamic 
disturbances at its source. In this approach, there is an advantage of avoiding the 
profile drag penalty associated with trailing-edge flaps. Also, as the active material 
is an integrated part of the structure, exposure to airflow, and the resulting profile 
drag is minimum. Nevertheless, the drawback in this approach is that it requires 
increased actuation for twisting the entire blade, compared to the relatively small 
flaps. This drawback could be addressed by optimally placing the actuators to improve 
upon the actuation efficiency and by using novel ways of utilizing piezoceramics 
for high induced strain. Furthermore, active twist requires a blade redesign and is 
therefore suited for the next generation of helicopters and is a long-term solution of the 
vibration problem. Piezoceramics have found an increasing use in the active control 
solutions and have now become an integral part of the smart structures systems. 
In piezoelectric materials, electrical energy is converted to mechanical energy and 
vice versa. When an electric field is applied to a free layer of piezoelectric material, 
particles of the layer exhibit displacements from their original position in a manner 
similar to thermal expansion of a freely heated elastic strip. If the piezoelectric layer or 
patch is bonded to some non-piezoelectric structure, such as a helicopter rotor blade, 
without completely constraining the free displacement, the converse piezoelectric 
effect will actuate the structure. On the other hand, piezoelectric materials can also 
be used to sense deformations because an electric field is actuated due to strains 
because of the direct piezoelectric effect. Piezoelectric materials have been found to 
be the main candidates for the active twist rotor because they can operate over a wide 
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bandwidth of frequency and can be placed in a manner such that they are removed 
from the primary flight control path. 

Malgaca et al. [79] considered vibration control of rotating blade using root 
embedded piezoelectric materials. They point out that rotating blade vibration leads 
to failure in turbine blade of turbomachinery in the petroleum and airline industries. 
They use a piezoelectric sensor to capture vibration of a rotating blade at its fixed 
end. This sensed vibration is then fed to a piezoelectric actuator at the root of the 
blade via velocity feedback and proportional control. The potential of piezoelectric 
materials control rotating blade vibrations at different shaft speeds is shown. 


1.4 Actuation of Trailing-Edge Flaps 


The renewed interest in the area of helicopter rotors with trailing-edge flaps can be 
attributed to the recent developments in the area of smart material-based actuation 
technology. Smart material-based actuators are light-weight, compact, have high 
energy density and high bandwidth. They are ideally suited for actuation of on-blade 
trailing-edge flaps as they can be designed to fit inside the geometric confines of 
a helicopter rotor blade. Piezo-bimorph actuators, piezoelectric stack actuators, and 
induced shear strain actuation appear most suitable for actuation of rotor trailing-edge 
flaps. 


1.4.1 Piezo-Bimorph Actuators 


A piezo-bimorph is a bending actuator consisting of piezoceramic sheets that are 
bonded on both sides of a very thin brass shim with an electrically conducting adhe- 
sive coating. The bender is cantilevered, and equal but opposite fields are applied 
to the piezoceramic sheets on opposite sides of the shim. This causes pure bending 
of the actuator and the resulting tip displacement is amplified using a mechanical 
leverage or flexure system to provide the actuation stroke for the flap. Spangler and 
Hall showed the feasibility of this concept by designing and testing a nonrotating 
2D-wing model with a piezo-bender actuated trailing-edge flap [80]. A 1/Sth scale 
model with 10 % chord flap was wind tunnel tested at various airspeeds between 0 and 
78 ft/sec, and at frequencies upto 100 Hz. Significant flap deflection, lift, and pitching 
moments were recorded, but the values were well below theoretical predictions. One 
reason for this performance degradation was found to be the backlash in flap hinge. 
Subsequently, Hall and Prechtl improved the design of the actuator by replacing the 
mechanical hinges with flexural amplification mechanisms [81]. They also improved 
the efficiency of the actuator by tapering its thickness with length. Flap deflections 
of 11.5° were demonstrated while operating under no-load conditions at frequencies 
upto 100 Hz. 
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In another study, Samak and Chopra used commercially available two-layered 
bimorph (G-1195) to actuate a model flap [82]. The flap was actuated by three piezo 
bender elements each measuring 1.5 in. long, 1.0 in. wide, and 0.021 in. thick. These 
piezo-bender elements were rigidly anchored to the blade spar to form 1.0 in. long 
cantilever beams. The bender elements were connected to the flap through a common 
hinge. A two-bladed rotor was tested on a hover stand. Flap deflection of upto --7° 
was achieved under nonrotating condition but the amplitude decreased sharply with 
increase in rpm. At the scaled operating speed of 900 rpm, maximum flap amplitude of 
+1° was achieved. Walz and Chopra built four-layered bimorph actuators in order to 
increase their actuation force [83]. The modified actuators provided about three times 
as much block force at the expense of reduction of one-third of free displacement. 
Also, modifications to the mechanical leverage arrangement between actuators and 
flap were incorporated using a rod-cusp arrangement. Nonrotating tests showed flap 
deflection of 4-7? at 5 Hz and 417? at 60 Hz. However, hover testing of the actuator 
mechanism did not yield the desired flap performance. To investigate the causes of 
performance degradation, Ben-zeev and Chopra built new rotor blades with several 
modifications to the actuation system and tested in vacuo to isolate the effects of 
centrifugal loading on the actuator-flap system [84]. A beam model of the piezo- 
bimorph including propeller moment effect as formulated. The cause of reduced 
flap deflections was traced to frictional forces at the flap hinge. The introduction 
of a thrust bearing was found to dramatically improve flap performance at higher 
rotational speeds (3-5? at 800 rpm in the vacuum chamber and 4-2? at 750rpm on 
the hover stand). Again, on the hover stand, there was severe degradation of flap 
performance at the operating speed of 900 rpm. 

Koratkar and Chopra conducted detailed testing of a 2-bladed rotor model in 
vacuum chamber [85]. They concluded that the performance degradation at higher 
rpm was due to the slippage of the piezo-bimorph under high centrifugal loads. An 
improved clamping of the actuator resulted in considerable increase in flap deflec- 
tions. In hover, flap deflections of +4 to + 8° were achieved for l/rev to 5/rev 
excitation at 900 rpm. This study also showed that flap deflections of 4-6? at 4/rev 
excitation could be obtained at the Mach scaled operating speed of 2150 rpm using an 
8-layer tapered piezo-bimorph in conjunction with a bias voltage. Subsequently, they 
built a 4-blade Mach scaled rotor model with a piezo-bimorph actuated flap located 
at 75 % blade span location [86]. The goal of the actuation system was to deflect the 
flap (8 % span, 20 % chord) by +4°. This model was tested on the hover stand and flap 
deflections of +6 to 410? at 1850rpm was achieved. Wind tunnel testing of the Mach 
scaled rotor model using Bell-412 hub was conducted at the Glenn L. Martin wind 
tunnel. In open-loop tests, flap deflections of +4 to 4-5? were achieved at 1800 rpm 
over a wide range of advance ratios and collective pitch settings. Preliminary closed- 
loop tests conducted using a neural network-based controller confirmed the control 
authority of the actuator-flap system by minimizing the 4/rev vertical hub shear force 
by 40%. Fulton and Ormiston built a 7.5 ft diameter 2-bladed Froude-scaled rotor 
model with a plain trailing-edge flap actuated by piezo-bimorph [87]. The model 
was tested in a hover stand and maximum flap deflections of 4-5? was achieved at 
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760rpm. Open-loop wind tunnel tests successfully demonstrated the effectiveness 
of the actuator-flap mechanism [88]. 

The piezo-bimorph actuator concept appears suited for scaled rotor models and 
serves as a tool to study the performance of various adaptive control strategies to 
minimize rotor vibration using trailing-edge flaps [89]. Studies indicate that full-scale 
application of this concept could lead to considerable weight penalty. 


1.4.2 Piezoelectric Stack Actuators 


A piezoelectric stack actuator consists of a large number of thin piezoelectric sheets 
stacked in a series arrangement separated by electrodes. The actuator uses the 
induced strain of the piezoelectric material in the thickness direction (along the 
polarization axis). Piezostack are characterized by small free displacements but much 
larger block force than piezoceramic sheet actuators. The overall displacement of the 
piezostack can be expressed as: 


INL nd33 V, (1.1) 


where AL is the axial displacement, n is the number of piezoceramic layers, d33 is 
the piezoelectric constant, and V is the operating voltage. For a typical piezoceramic 
material, the absolute value of d33 is about 2—3 times the absolute value of d3,. Also, 
the stroke of the actuator can be increased by using a large number of piezoceramic 
layers. Samak and Chopra studied the possibility of using piezostack and electrostric- 
tive stack actuators with mechanical leverage amplification to actuate leading edge 
droop and flaperon of a wing model. The free displacement of the chosen piezostack 
was 0.72 mil at 150 V. A mechanical amplification of 25 was used. However, the 
measured free displacement was about 5 mils as compared to the analytical value of 
18 mils. This prediction error was attributed to the slippage at knife edges and other 
mechanical losses. 

Chandra and Chopra designed and developed an improved piezostack actuation 
mechanism to deflect the trailing-edge flap in a wing model [90]. A composite wing 
model was built around this high-performance stack actuator with integrated mechan- 
ical amplification. The free displacement and block force of this actuator at 1000 V 
excitation were 28 mil and 16 Ib, respectively. The linear motion of the stack actuator 
was converted to rotary motion for flap actuation using a hinge offset mechanism. 
Maximum flap deflection of 8.5? was achieved. A 30 96 decrease in flap deflection 
at free-stream velocity of 95 ft/sec in an open-jet wind tunnel was noticed. The flap 
deflection remained fairly constant even at an angle of attack of 10°. A study on the 
performance of several commercially available piezostack actuators revealed the fea- 
sibility of a full-scale trailing-edge flap actuated with specially designed piezostack 
actuators. 
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Prechtl and Hall designed a discrete trailing-edge servo-flap actuator called the 
X-frame actuator and conducted prototype bench-top tests [91]. The actuator consists 
of two active piezostack and two criss-cross frames and amplification is achieved via 
a shallow angle arrangement. The X-frame actuator achieves higher mass efficiency 
but requires larger frame dimensions than that of lever amplification mechanism. 
The active material is a lead magnesium niobate-lead titanate (PMN-PT) composi- 
tion. They also built and hover tested a 1/6th Mach scaled rotor model of CH-47D 
(Chinook) with a trailing-edge flap actuated by X-frame actuators [92]. At the oper- 
ating speed (tip Mach of 0.63) and collective pitch of 8°, oscillatory flap deflections 
of +2.4° were achieved with an excitation of +1000 V. A full-scale MD-900 rotor 
system with trailing-edge flap actuated by X-frame actuators is currently being used 
in wind tunnel testing and flight tests. 

Lee and Chopra carried out extensive testing of various commercially available 
piezostack actuators under high preload and DC/AC excitations [93]. Based on these 
tests, they chose Physik Instrumente P-804.10 piezostack for the actuation of a full- 
scale trailing-edge flap. Five of these stack actuators were used to build a double- 
lever (L-L) amplification device [94]. The design goal was to achieve +7° flap 
deflection for a full-scale Boeing MD-900 Explorer helicopter in hover condition. 
A pushrod and flap hinge mechanism utilizing four-bar linkage was designed to 
enhance the performance. Vacuum spin tests were conducted upto 600 g of centrifugal 
loading environment and the actuation mechanism performed satisfactorily without 
any apparent performance degradation. 

Straub and his associates carried out the design and development of a biaxial 
piezoelectric stack actuator for trailing-edge flap control on a 34 ft (10.4 m) diameter, 
bearingless rotor [95]. The 5-bladed rotor had plain flaps with 18% blade span 
(74—92 % radial location), 25% chord and an aerodynamic balance of 40%. The 
biaxial actuator performance and robustness were demonstrated through a series of 
bench, shake, and spin tests, subjecting the actuator to the full range of dynamic 
conditions inside the rotor blade, including 814 g steady and 29 g vibratory loading. 
Janker et al. developed a piezostack based actuator for trailing-edge flap [96]. The 
amplification device consists of a shallow angle flexure mechanism that is wrapped 
around the stacks. The performance of this actuator was demonstrated through testing 
of wing-section in a wind tunnel. The goal was to achieve a flap deflection of 8° 
for an EC-135 helicopter rotor. They also examined a piezostack-based actuator for 
leading-edge droop control to delay dynamic stall. Shaner and Chopra also studied 
the actuation of leading-edge flaps using piezostack actuators [97]. A single lever 
amplification mechanism was used and bench-top tests were conducted. 

It is evident that the concept of trailing-edge flap actuation using piezostack actu- 
ators has been studied extensively and thoroughly. Studies mentioned above indi- 
cate that piezostack driven actuators in conjunction with a mechanical amplification 
device are capable of actuating full-scale trailing-edge flaps for helicopter vibration 
and noise suppression. 


14 1 Introduction 


1.5 Induced Shear Strain Actuation 


Piezoelectric materials have three strain coefficients d31, d33 and dj5 which define 
their induced strain actuation behavior. For a given electric field, a higher value of the 
strain coefficient results in a higher strain actuation. Mechanical motion generation 
by most ceramic actuators is related to either the longitudinal mode or the transverse 
mode. It is a well accepted fact that among all piezoelectric coefficients, the one in 
the shear mode (di5) is highest in terms of its absolute value [98, 99]. The important 
reasons for using the shear actuator mechanism are [100—102]: (1) d15 based torsional 
actuators produce large angular displacement and torque; (2) the performance of 
shear actuators is less dependent on structure's stiffness; (3) less problems of actuator 
debonding at its extremities; (4) dı5 has a higher value than d3, and d33. 

This book navigates through the initial smart blade/beam formulation and basic 
demonstration of smart formulation by investigating dynamic response of rotat- 
ing smart beams to successively investigate the performance of active twist control 
methodology using induced shear actuation for vibration reduction of a real rotor in 
forward flight. Piezoceramic is selected to be the material of choice. A comprehensive 
aeroelastic analysis is performed to assess the effect of active twist on blade response, 
hub loads, trim control, and stability. Relevant validation studies are performed to 
confirm the model rotor follows in the ranges of real rotor. 


1.6 Optimal Placement of Actuators in Active Structures 


Recent studies indicate that multiple flaps are capable of achieving higher vibration 
reduction compared to a single flap configuration within available actuator authority 
[103]. Multiple flaps provide more flexibility in altering the aerodynamic loads acting 
on the rotor blade as compared to a single trailing-edge flap. Most researchers use 
simple parametric studies to determine the ideal location of the trailing-edge flap(s) 
on the rotor blade, though the problem is well-suited for optimization applications. 
Most comprehensive helicopter aeroelastic analyses are huge computer programs 
involving several disciplines and it is often cumbersome to integrate them with other 
optimization programs. The vibration reduction results are obtained using a control 
algorithm which calls the helicopter aeroelastic analysis many times, making the 
computation even more expensive. 

Several researchers have looked into the issue of optimal placement of sensors 
and actuators in flexible structures based on some optimality criteria. In an early 
study, Lim presented a new method of finding optimal locations of sensors and 
actuators for control of a flexible structure [104]. This method was based on the 
orthogonal projection of structural modes into the intersection subspace of the con- 
trollable and observable subspaces corresponding to an actuator/sensor pair. The 
controllability and observability grammians are then used to weight the projections 
to obtain a measure of controllability and observability. This method produces a 
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three-dimensional design space wherein sets of optimal actuators and sensors may 
be selected. Dhingra and Lee used a combination of artificial genetic search and 
gradient-based search method to determine the optimal location of actuators while 
designing an actively controlled structure [105]. The performance criteria in this 
study was the damping augmentation provided by the control action. Varadan et 
al. used Powell's direct search method to determine the optimum location of lead- 
zirconate-titanate (PZT) actuators to minimize the total sound power radiated from 
an acoustically excited clamped isotropic plate [106]. They found that the optimal 
locations of the piezoelectric actuators tend to be near the corners of the plate rather 
than the center of the plate. 

Several studies have looked into the optimal placement of actuators on a beam for 
active vibration control [107—110]. In Refs. [107, 111], the authors defined and used 
a novel performance index known as the actuator power factor. It was defined as the 
ratio of the total dissipative mechanical power of an actuator to the total supplied 
electrical power to the actuator. The concept of actuator power factor was based on 
the ability of an integrated induced strain actuator such as a PZT to transfer supplied 
electrical energy into structural mechanical energy. For a given structure, the loca- 
tion of an actuator directly influences the authority of the actuator toward driving 
the structure. A system optimized based on the actuator power factor guarantees the 
highest energy efficiency for single frequency and broad-band applications. Kang et 
al. investigated the optimal location of a collocated sensor/actuator for vibration con- 
trol of laminated composite beams. Modal damping was chosen as the performance 
index, because of its direct effect on the settling time of vibrations. A structural 
damping index (SDI) is defined from the modal damping. Weights for each vibra- 
tional mode were taken into account in the SDI calculation. The optimum location of 
the sensor/actuator was determined as the point where the SDI is maximum. Wang 
et al. obtained the optimal location and size of a collocated pair of piezoelectric 
patch actuators surface bonded onto beams. The objective function was referred to 
as the controllability index, which is the singular value of a control matrix. The 
index measures the input energy required to achieve a desired structural control by 
the piezoelectric actuators. The controllability index is directly dependent on the 
placement and size of the piezoelectric patches. Thus maximizing the index leads 
to optimal design of the piezoelectric actuator. Several other studies have presented 
innovative design methodologies for optimal placement of actuators in flexible struc- 
tures [112-114]. 

In general, the problem of finding optimal actuator locations in a structure can be 
posed as “Given a set of N possible locations, find a subset of M locations which 
provides the best possible performance." Simple enumeration technique can be used 
when M is comparable to N. However, a need for an appropriate optimization method 
arises when M < N. Heuristic search methods such as Genetic algorithms (GA), 
Simulated annealing (SA), and Tabu search (TS) have gained popularity in solv- 
ing such problems. Firefly and artificial bee colony algorithms are also useful for 
sensor/actuator placement [115]. These methods do not guarantee convergence to a 
global optima, but can yield useful and innovative design solutions. However, they 
are often computationally expensive. 


16 ] Introduction 


Recently, GA's have been used to determine optimal locations of piezoelectric 
sensors and actuators in isotropic and laminated composite plates [116—118]. The 
criteria in these studies was to maximize controllability and observability while pre- 
venting spillover. GA’s have also been effectively used in optimization of actuator 
locations in non-aerospace applications such as design of earthquake resistant build- 
ings and shape control of telescope mirrors [119—122]. GA's are a particular class of 
evolutionary algorithms that use techniques inspired by evolutionary biology, such 
as inheritance, mutation, selection, and crossover [123]. GA's are implemented as a 
computer simulation in which a population of abstract representations (called chro- 
mosomes) of candidate solutions (called individuals) to an optimization problem 
evolves toward better solutions. Traditionally, solutions are represented in binary as 
strings of Os and 1s, but other encodings are also possible. The evolution usually starts 
from a population of randomly generated individuals and happens in generations. 
In each generation, the fitness of every individual in the population is evaluated, 
multiple individuals are stochastically selected from the current population (based 
on their fitness), and modified (recombined and possibly mutated) to form a new 
population. The new population is then used in the next iteration of the algorithm. 
This population-to-population approach prevents the algorithm from falling into the 
trap of local optima [124]. 

Heverly et al. formulated a hybrid optimization methodology to simultaneously 
determine optimal actuator locations and control actions to minimize helicopter 
airframe vibrations [125]. The optimization process couples an optimal control for- 
mulation with a Simulated Annealing optimization routine. It was shown that actu- 
ators in the airframe can more effectively control some of the dominant airframe 
modes, rather than actuators centralized near the main rotor support assembly. When 
compared to a representative state-of-the-art centralized control configuration, the 
distributed optimal actuator configuration achieved significantly greater vibration 
reduction with less control effort. Results showed that while a centralized actua- 
tor configuration reduced vibration levels by 49 96, the optimally distributed actuator 
configuration led to 90 % reduction in vibrations and required 50 % less control effort. 

Padula and Kincaid give an excellent survey of sensor and actuator placement 
problems in various engineering disciplines and the application of optimization tech- 
niques to improve their performance [126]. This study concluded that it is important 
to develop approximations (surrogate models) of the performance index and con- 
straints and employ these computationally efficient approximations to determine the 
optimal sensor/actuator locations. Surrogate models are computationally efficient 
and are therefore attractive for aeroelastic problems. 


1.7 Actuator Hysteresis Models 


Piezoceramic actuators are rapidly gaining popularity in vibration control appli- 
cations due to their high bandwidth, compact size, and minimum moving parts. 
However, a major limitation of piezoceramic actuators is their lack of accuracy due 


1.7 Actuator Hysteresis Models 17 


to nonlinearity and hysteresis. One source of nonlinearity is due to the change in 
electromechanical coupling coefficients at high electrical fields where piezo actua- 
tors are operated to exploit their full authority. Hysteresis, on the other hand, is a 
form of nonlinearity with memory. Hysteresis causes the piezoceramic expansion to 
depend not only on the current voltage excitation but also on the history of excita- 
tion. Unmodeled hysteresis in the actuator can generate amplitude-dependent phase 
shifts in the output leading to inaccuracy in open-loop control and probably even loss 
of stability in closed-loop control [127, 128]. Kurdila et al. [129] derived a control 
methodology that accounts for overall hysteresis in PZT actuated on-blade elevons. 
They used a simple collocated output velocity feedback to study the stability of the 
aeroelastic system. They found that the introduction of actuator hysteresis led to a 
sharp degradation in the performance of collocated feedback control, sometimes even 
leading to loss of asymptotic stability. Therefore, it is necessary to address hysteresis 
in vibration control methods that use piezoceramic actuators. However, modeling 
hysteresis is a challenging problem. Hysteresis models can be further classified as 
rate-independent (static) or rate-dependent (dynamic). The term ‘static’ means that 
the model output is determined purely by the sequence of input values, while the 
speed of input variation has no influence on the its output. A ‘dynamic’ hystere- 
sis model, on the other hand, requires the history of both input and input-rate to 
determine the model output [130, 131]. 


1.7.1 Static Hysteresis Models 


The classical Preisach model (CPM) is a popular static model that has been 
extensively used in literature. It was originally proposed by the German physicist 
F. Preisach as a model for magnetic hysteresis and was based on some hypothe- 
ses concerning the physical mechanisms of magnetization. Krasnoselskii separated 
this model from its physical meaning and represented it in a pure mathematical form 
which is similar to a spectral resolution of operators [132]. Asaresult, this model can 
now be used for the mathematical description of hysteresis of any physical nature. 
The Preisach model has several appealing features including its ability to model 
complex hysteresis types, a well-defined identification algorithm, and a convenient 
numerical simulation form [133, 134]. 

There exists considerable similarity between the primary hysteresis mechanism 
of ferromagnetic and ferroelectric materials. Several researchers have successfully 
applied the classical Preisach model to represent hysteresis in ferroelectric material 
systems. Sreeram and Naganathan were the first to apply the classical Preisach model 
to piezoceramic material systems [135]. Ge and Jouaneh used a modified Preisach 
model to represent hysteresis in a stacked piezoceramic actuator and validated the 
model through experiments. Hughes and Wen discussed and verified the applicability 
of Preisach model to piezoceramic and shape memory alloy systems. The parameter 
identification based on the input/output data and hysteresis compensation via direct 
inversion of the identified model was also demonstrated. Yu et al. used a modified 
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Preisach model to predict the output of a piezoceramic actuator system and experi- 
mentally verified the results [136]. Hu and Mrad developed a discrete-time Preisach 
model to capture the hysteresis of a piezoceramic actuator and used it to develop an 
inversion/compensation algorithm [137]. The Preisach model has also been used to 
describe hysteresis in magnetostrictive (Terfenol-D) actuators [138, 139]. 


1.7.2 Dynamic Hysteresis Models 


The Preisach model, though widely used, has several limitations. One such short- 
coming is its applicability to model only static hysteresis phenomena. Mayergoyz 
was the first to extend the CPM to model dynamic hysteresis phenomena [140]. The 
‘static property’ of the CPM was relaxed by introducing the dependence of Preisach 
distribution function (or Preisach measure) on the rate of output-variations. The 
study also deals with identification problems of fitting this model to experimental 
data and its numerical implementation. This model is described in time-domain and 
is therefore capable of predicting the output for any arbitrary input wave form. 

Bertotti proposed a dynamic generalization of the CPM, in which the rate of 
change of flux associated with each elementary Preisach operator is not infinite, as in 
CPM, but proportional to the difference between the external field and the loop thresh- 
old fields [141]. With this assumption, the shape of the elementary Preisach loops, as 
well as the macroscopic hysteresis loops, become dependent on the magnetizing fre- 
quency. However, this approach has two disadvantages. First, this approach requires 
an analytical expression of the Preisach distribution function which is not trivial 
to obtain for any given piezoceramic actuator. Second, this approach is applicable 
only for harmonic inputs. Song and Li also developed a frequency dependent hybrid 
hysteresis model based on CPM and neural networks [142]. Again, this model is 
limited to sinusoidal input signals. Also, its validity for high frequency excitations 
(>50 Hz) is not clear. Recently, Dang and Tan proposed a neural-networks dynamic 
hysteresis model by combining the Preisach model with diagonal recurrent neural 
networks [143]. They replaced the rate-independent Preisach relay operators by rate- 
dependent hysteresis operators of first-order differential equation. The similarity in 
structure between this modified Preisach model and modified diagonal recurrent 
neural networks (MDRNN) allowed the use of MDRNN to describe the dynamic hys- 
teresis behavior of the actuator. The effectiveness of this neural-networks dynamic 
hysteresis model was demonstrated through experiments. 

Recent advances in smart materials technology have led to the practical realization 
of ACF concept. Piezoceramic materials such as PZT and PMN-PT are ideal candi- 
dates for this application due to their high-bandwidth and stiffness. However, piezo- 
ceramic materials are inherently nonlinear, particularly under high-field strengths 
which are likely to be encountered during normal operating conditions. Piezoce- 
ramic stack actuators are leading contenders for actuation of full-scale trailing-edge 
flaps on the helicopter rotors. Stack actuators are high-force and low-stroke devices 
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and hence require a stroke amplification mechanism to move a full-scale trailing-edge 
flap. The amplification mechanism gain directly magnifies the material hysteresis in 
piezoceramics. In addition, hysteresis in the amplification mechanism due to fric- 
tion and freeplay, can couple strongly with the piezoceramic material hysteresis to 
yield significant hysteresis at the structural level. The piezo actuator and link mech- 
anism are therefore sources of considerable hysteresis which must be addressed 
in helicopter vibration control. If unmodeled, hysteresis nonlinearity can lead to 
amplitude-dependent phase shifts in actuator output leading to inaccuracy in open- 
loop control and probably even loss of stability in closed-loop control. 


1.8 Active Twist Rotors 


The prime objective of the works discussed below is to reduce vibration in helicopters 
using active blade twist. This approach is futuristic but is gaining popularity. There 
is substantial material available for the proof of this concept in the literature. The 
existing literature is classified into the following sections: (1) Early studies, (2) Smart 
active blade tips, (3) Active fiber composites, (4) NASA/MIT/Army active twist rotor, 
(5) Active composite beams, and (6) Induced shear strain mechanisms. 


1.8.1 Early Studies 


Earlier studies were mostly experimental in nature with simple modeling and were 
undertaken to prove the concept of active twist control using piezoceramic materials. 
The key idea was to check if the required 1—2? of twist needed for suppressing 
vibration could be obtained with a minimum consumption of power. An early study 
on the use of adaptive structures to attenuate rotary wing aeroelastic response was 
done by Nitzsche and Breitbach [144]. The concept in this study was to demonstrate 
the feasibility of using adaptive materials for sensors and actuators to attenuate 
the higher harmonic loads. A linear mathematical model of a single rotating blade 
including only flatwise bending and torsion degrees of freedom was developed. They 
mention that second lag mode and the first torsion mode of the blade are most 
important for vibration control. IBC was used to act specifically on the bending and 
torsion modes in order to reduce the overall dynamic response of the blade. Closed- 
loop performance using both sensors and actuators was evaluated. Contribution of 
aeroelastic modes with variation in azimuth at various advance ratios was verified. 
Closed-loop performance was found to be satisfactory and better than open-loop 
performance. 

Chen and Chopra [145] built a Froude-scale model rotor and concurrently devel- 
oped an analytical model to predict the behavior of the rotor blades with embedded 
piezoceramic actuators. For this, a uniform strain theory was formulated to predict 
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the static torsion and bending response of rectangular section beams and rotor blades, 
followed by experimental validation. 

Experiments were conducted on a 1.83 m diameter, 1/8th Froude-scale model 
of a two-bladed bearingless rotor. The blade cross-section was NACA 0012. Total 
blade length was 67.51 cm from tip to root and chord was 7.62 cm. Piezoceramic 
elements that were 11.5 mil thick were embedded under the fiberglass skin in banks 
of discrete actuators at angles of +45° on the top and bottom. The first configuration 
had 55 pairs of actuators spaced 0.254 cm apart and the second configuration had 12 
pairs of actuators spaced 3.81 cm apart. Both these rotors were assessed in order to 
find out the optimum configuration in terms of piezoceramic actuators. An analytical 
model was developed for a beam and then applied to a rotor and the results were 
compared with experimental data. 

The first set had 80 % more actuators than the second set. It was observed that an 
increase in number of torsion actuators resulted in an increase in torsion stiffness of 
the rotor blade and the ‘interference effect’ eventually reduced the twist. 

However, it was found that on reducing the number of actuators, stiffness reduces, 
and twist increases. Rotating response of the rotor blade was evaluated at various 
speeds with a Froude-scale operating speed of 900 rpm. The rotor collective was set at 
4, 6 and 8? and the piezoceramic actuators were actuated at 100 V rms to manipulate 
blade twist motion at frequencies from 10 to 100 Hz. In general, the response was 
observed to decrease in amplitude with increasing rpm for all collectives. 

Uniform strain theory could correctly predict the trends of torsion and bending 
responses of the rectangular beam specimens, except that it shows discrepancy at 
very high voltage. This theory was able to predict static torsion response with an 
accuracy of approximately 80 9c. Blade testing showed that structural stiffness of the 
blade decreased as the actuator spacing was increased. 

In [146, 147], the work done in [145] was extended and it was found that geomet- 
ric parameters of the actuator have a significant effect over structural properties, and 
hence, twist performance of the blades. Blade twist performances in static and rotat- 
ing modes differ due to the presence of large external loads at high rpm. By generating 
new unsteady airloads, blade twist is capable of altering the aerodynamic charac- 
teristics of the rotor. In this study, (experiment) a blade twist of 0.5? was attained 
at 900rpm with dual layer actuators. But for viable vibration reduction, a blade tip 
twist of 1—2? is required at 900 rpm. The twist achieved here being small, only par- 
tial reduction was possible. The maximum tip twist values at resonance frequencies 
(50 and 90 Hz) were 0.350 and 1.10 respectively. At nonresonance frequencies, the 
response was less than 0.50? at 4/rev excitation. 

Derham and Hagood used smart materials to achieve main spar twist [148]. 
This method is called Inter-Digitated Electrode Piezoelectric in Fiber Composite 
(IDEPFC), and was jointly applied by MIT and Boeing to rotor blades. It uses active 
materials embedded in the composite plies of rotor blades actuated through applied 
electric fields. Active twist for a 1/6th Mach scale CH-47 rotor blade was demon- 
strated and a preliminary design for a 1/6 scale active twist blade was presented. 
Blades were made of composite materials and had a built in pretwist of 12°. The 
rotor was three bladed and fully articulated. Feasibility of applying this concept to 


1.8 Active Twist Rotors 21 


rotorcraft was discussed in terms of performance including economic merit, weight, 
and power consumption. 

IDEPFC is a variation on traditional PFC (piezo-fiber composites). These incor- 
porate active material fibers in a composite ply lay-up. The PFC's are actuated by 
digitated electrodes and hence are known as IDEPFC. A structural analysis was per- 
formed to assess the structural integrity and strength parameters of the active blade 
configuration. Design loads consistent with full-scale blade requirements and prac- 
tices, including the effects of added actuator mass and inertias were incorporated 
using Boeing’s TECH-01 rotor aeroelastic analysis. TECH-01 is a comprehensive 
rotor analysis considering unsteady aerodynamic forcing and associated elastic blade 
response caused by the complex flow and wake patterns around a rotor in edgewise 
flight. 

A 1/16 Froude-scale CH-47 helicopter blade was manufactured with embedded 
IDEPFC actuators. The blade was bench tested for twist actuation performance to 
verify both an MIT developed mathematical model for predicting actuator perfor- 
mance and the manufacturing process for active blades. Predictions for the actuated 
torsional capabilities of the 1/6 Mach scale blade were made using the model that 
was correlated to the 1/16 Froude-scale experiment. It was observed that 3/rev and 
4/rev induced twist had the greatest impact on 3/rev vertical shear. A 70 % reduction 
in vibratory vertical shear was achieved over the baseline (no actuation) case with 
a penalty of 2.5 ?o in required power. A 40% reduction was obtained with a 2/rev 
actuation without a penalty in power. 

The main conclusion from [148] was that substantial vibration reduction could be 
obtained using the active twist concept. But, the studies by Chen and Chopra found 
that the amount of twist generated was not sufficiently high with current day actuators 
(1996-1997) to completely suppress vibration. However, their results showed that 
partial suppression of helicopter vibration is possible using the active twist concept. 


1.8.2 Smart Active Blade Tips (SABT) 


Bernhard and Chopra worked on the development of an active on-blade vibration 
reduction system using smart active blade tips (SABT) [149]. SABT's are driven by 
piezo-induced, bending-torsion coupled actuator. The beam was designed specifi- 
cally to fit within the rotor blade profile and was essentially used as a pure torsional 
actuator. The actuator was located lengthwise in the box-beam cavity and was sup- 
ported only at the root and at the tip of the main blade. The inboard end is directly 
mounted on the blade root and the outboard end is connected to the SABT via a 
shaft, supported in a radial bearing. The bearing is capable of carrying lift, drag, 
flapwis, and chord-wise bending moments of the blade tip whereas the centrifugal 
and torsional loads were transferred to the actuator beam. Beam layup was selected 
as [—45, 0, 45]. The actuator beam applied a torque at the tip, which thereby induced 
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the blade to twist. By actively pitching the tips, new unsteady airloads were gener- 
ated. Correctly phased, they could be used to reduce the dynamic rotor hub shears 
and moments. The advantage here is that the large centrifugal force imposed by the 
moving tip on the beam is eliminated, improving the twist performance. The span- 
wise segments were differentially energized such that, the induced strain bending 
curvatures cancelled out, while the induced strain twist curvatures added up to a net 
tip rotation. 

These SABT have distinct advantages at the expense of a few drawbacks. First, 
the entire blade can be used for actuation. The required twist can be achieved without 
any amplification mechanisms. Second, the need for the tip thrust beam is eliminated 
via the actuator beam. Third, the moving tip is hinged at the aerodynamic center to 
minimize the pitching moments. For analysis, an extension of the induced strain 
composite-beam model presented by Chandra and Chopra [150] was used. This was 
based on Vlasov-theory [151], in which the structure is modeled in two phases. First, 
at the local cross-sectional level, a two-dimensional (thin walled) plate-analysis was 
used. Second, the plate analysis was reduced to a global one-dimensional bar analysis, 
using the principle of virtual work. The fabrication of these SABT blades was carried 
out at the Maryland rotorcraft center for a 1/8th Froude-scale bearingless rotor hub. 
The nominal diameter was 1.83 m with a root cutout of 31 % and a nominal operating 
speed of 817 rpm. The main rotor blade was a rectangular, untwisted NACA 0012 
blade with a 76.2 mm chord. Structural integrity tests, nonrotating tests, and hover 
tests were performed on this rotor. 

The rotating twist amplitudes with SABT were similar to tip twist amplitudes 
reported by Chen and Chopra. However, here the blade twist was achieved with 
half the power. The reduced power requirement was because the actuator beam used 
a surface area of 206.45 cm? with 0.0254 cm thick PZT-5H elements as compared 
to 412.90cm? with 0.0254 cm used by Chen and Chopra. It is to be noted that the 
SABT blades were 25% heavier than the blades used in Ref. [146]. Hover tests 
at 875rpm produced blade twist results from 0.30 at 1/rev through 0.50 at 5/rev 
excitation frequencies. 

In [146], a Vlasov based bar analysis was used to derive a specialized, computa- 
tionally efficient, one dimensional finite element, to model the nonrotating actuator 
beam. This was a two-node, 12-degree-of-freedom element with bending, torsion, 
and in-and out-of-plane warping degrees of freedom and induced strain capability. 
Results obtained by FEM (Finite Element Method) were validated by experiments 
for two cases. Good correlation was obtained with experimental data. In one case, a 
reverse bending region was observed between the plate cantilever root and the first 
bank of piezo actuators. This was captured in the analysis with the help of specialized 
continuous in-plane warping mode. The predicted dynamic blade tip pitch deflection 
was approximately 10—20 % below the measured values. Later, a Mach scale active 
twist rotor was fabricated [150] and tested with the above-mentioned SABT. This 
suggested that the concept was capable of achieving twist distribution throughout 
the blade. 
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While the SABT concept was demonstrated by wind tunnel tests and Mach scale 
models, tip twist amplitudes were similar to those obtained by Chen and Chopra 
and below the 2? needed for full vibration suppression. The primary disadvantage of 
SABT is that this is a localized active system, consulting a single-input single-output 
control devise. 


1.8.3 Active Fiber Composites (AFC) 


Active fiber composites (AFC) were integrated within a composite rotor blade to 
induce a twisting moment. AFC are active plies oriented at a 45? angle to the blade 
span in order to induce shear stresses and a distributed twisting moment along the 
blade. They consist of a laminated structure of fiberglass plies and PZT-fiber plies. 
The PZT-fiber plies have continuous, aligned, PZT-fibers in an epoxy layer, and 
polymid/copper electrode films. The electrode films are etched into an inter-digitated 
pattern that affects the electric field along the fiber direction, thus, activating the 
primary d33 piezoelectric effect. The AFC has a number of advantages; it is a con- 
formable actuator, which could be integrated with a passive structure. The actuators 
are distributed throughout the structure providing redundancy in operation. The active 
blade requires no articulating components, thus, eliminating the need of amplifica- 
tion mechanisms and does not increase the profile drag of the blade like servo-flap 
actuators. 

Design, manufacture, and testing of this rotor were investigated thoroughly in 
[152]. A 1/6th Mach scale CH-47D blade was designed, fabricated, and tested in 
a hover test stand facility. The span of the blade was 153.97 cm and the chord was 
13.68cm. The blade was used on a fully articulated hub. The blade had a built- 
in linear twist of 12? and taper of a VR7 airfoil at 0.85R to a VR8 airfoil at the 
tip. A configuration with three diagonally placed active plies in the spar laminate 
was selected for the integral blade. These active plies were uniformly distributed 
between 0.27R and 0.95R and were divided into seven span-wise AFC segments, 
where R is the radius of the blade. Activation of the diagonally placed fibers induced 
shear in the spar skin, which generated blade twist. Bench tests performed at fre- 
quencies up to 67.5 Hz demonstrated that a maximum twist of 1 to 1.5? peak-to-peak 
(+0.5 to £0.75 amplitude) could be obtained. However, full span sections resulted in 
a twist performance relatively below design targets. But half-span sections success- 
fully demonstrated twist at full authority. Moreover, excellent correlation with model 
predictions was achieved. Even with the reduced twist, the hub load generation at all 
blade loading conditions and rotor speeds was consistent and near predicted levels, 
suggesting that the integral twist actuation concept is feasible and worthy of further 
investigation. 

The studies proved the feasibility of the active twist rotor concept when active 
fiber composites were used. However, the AFC's are more difficult to manufacture 
and much more costly than equivalent monoliths. Considerable information about 
AFC-based smart rotor is given by [74]. 
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1.8.4 NASA/Army/MIT Active Twist Rotor 


The NASA/Army/MIT Active Twist Rotor (ATR) is ambitious project in this area. 
This work uses the active fiber composites for actively twisting the blades using both 
analytical simulations and wind tunnel tests. Wilkie et al. [153] describe aeroelastic- 
modeling procedures and use them in the design of a piezoelectric controllable twist 
helicopter model rotor for wind tunnel testing. Two numerical active twist rotor 
approaches were developed. First, a code named PETRA (Piezoelectric Twist Rotor 
Analysis) was developed and was specifically intended for fundamental studies of 
active twist rotor designs with embedded actuators. The code PETRA was used for 
control law and design optimization studies. The blade equations were simplified 
to a linear out-of-plane bending-torsion model by using an ordering scheme. A sec- 
tional analysis was used to determine the blade structural properties and piezoelectric 
terms. The resulting piezoelectric terms were applied to the right-hand side of the 
final equation of motion as a force term along with all aerodynamic forcing terms. 
The aerodynamic loads were derived using strip theory and a finite-state unsteady 
aerodynamics formulation, which includes the ONERA model of dynamic stall. A 
uniform inflow model, with a linear variation across the rotor disk in forward flight 
was used. 

The second approach is based on the CAMRAD II comprehensive rotor analysis 
package, which can be used for more detailed analytical studies [154]. The com- 
mercially available CAMRAD II software package has more extensive rotorcraft 
modeling capabilities. Forward flight simulations using CAMRAD II indicate that 
large reductions in 4P (4/rev, meaning 4 times the rotation speed) vertical hub shear 
may be achievable with significantly less than the maximum twist actuation author- 
ity of the active twist rotor. However, it should be noted that this study modeled the 
smart structure using applied loads and the piezo-structure was not included in the 
aeroelastic equations through constitutive relations. 

In [54], a four-bladed, aeroelastically scaled, active twist rotor (ATR) model was 
designed and fabricated to be tested in the heavy gas medium of a transonic wind 
tunnel. Active fiber composites (AFC) were utilized in fabricating the rotor blades. 
Each ATR blade consisted of 24 active fiber composite (AFC) actuators to implement 
the active twist control. The AFC’s were placed in four layers through the thickness 
of the blades and were oriented such that the active strain is applied at 4-45? relative 
to the blade span-wise axis to permit maximum torsional control on the blades. 
They were actuated using separate high-voltage, low-current power channels for 
each blade. The pretwist was linear with a twist of —10° from the center of rotation 
to the blade tip. 

NACA-0012 airfoil section was used. Hover testing was conducted to determine 
the basic frequency response characteristics of the ATR blades under active twist 
control. Tests were carried out for a wide range of frequencies. In forward flight tests, 
both low (u = 0.14) and high (u = 0.333) advance ratio cases were considered. 
Here u is a ratio of the forward speed of the helicopter to the rotor tip speed. Results 
show that for both low and high-speed forward flight, active control was capable of 


1.8 Active Twist Rotors 25 


generating significant variations in both rotating and fixed system loads, and that 
large reductions in fixed-system vibratory loads were achievable. Both rotating and 
fixed-system loads could be dramatically affected by changes in active twist control 
phase and a reduction in fixed-system loads of 60—95 % was obtained. An active twist 
control frequency of 3P was found to be most effective in reducing fixed-system 
loads for both the low-speed and high-speed conditions. Active twist amplitudes of 
1.10-1.40° were obtained for 3P to 5P twist actuation, with 1000 V. Although the 
4P blade loads were reduced using 4P active twist control, there was a significant 
increase in the 4P pitch link loads, tending to counter the effect in the fixed system. 
The power necessary to operate the four ATR blades is, at most, less than 0.9 % of 
the maximum rotor power required during testing. 

Shin et al. [155] describes system identification and closed-loop control of the 
ATR system. They found that the ATR rotor system could be treated as linear and 
time invariant and the periodic effects can be neglected. For the ATR rotor, it was 
also found that the transfer functions did not vary much for level flight conditions. 
Therefore, a single control law could be used to effectively control the rotor over a 
wide range of advance ratios. The closed-loop control tests were performed using 
the T-matrix (Transfer-matrix) approach recast as a continuous time formulation. 
Transfer matrix relates the input to the vibratory hub loads. The objective was to 
reduce the 4/rev normal shear. The collective mode of blade actuation was found to be 
useful for controlling 1/rev vibrations due to rotor tracking and was less effective for 
hub normal shear, whereas effect of cyclic actuation was found to be much more. For 
closed-loop analysis, vibration at each time step was measured and fed back through 
the control law to adjust the swashplate input to cancel the vibration. Different gain 
constants were investigated. Since itis possible for the controller signal to exceed the 
voltage limit of individual actuators, an anti-windup mechanism was added to each 
feedback structure. Results showed that in some flight conditions, 4P vibration was 
almost eliminated (40 db reduction). The other components of the fixed-system loads 
at 4/rev were also reduced, except for the negligible change in yawing moment. The 
studies clearly show the potential of active fiber composites in helicopter vibration 
reduction. The wind tunnel results with heavy gas medium allow the matching of 
full scale Mach number leading to more realistic results. Studies also showed that 
considerable reduction in vibration could be obtained even if tip twists were less than 
the target 1.5—2°. 


1.8.5 Smart Composite Rotor Modeling 


The studies discussed until now were more focused toward experiments and limited 
in terms of modeling. Addressing this issue, some researchers discussed detailed 
modeling of smart composite rotors. Chattopadhyay et al. [156] presented numeri- 
cal results for a four-bladed bearingless model rotor with self-sensing piezoelectric 
actuators mounted at 45? on the top and bottom walls of the composite box-beam 
blade. The composite box beam consisted of graphite/epoxy in stacking sequence of 
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[—45/45]>, in horizontal walls and [45 |g in vertical walls. The box-beam dimensions 
were: length — 7.92 m, width — 0.18 m, and height — 0.05 m. The thickness of PZT 
was 0.196 mm and the blade had a rectangular planform with a linear twist of —10°. 
Planform area, is defined as the projected area of a wing when viewed from above, 
perpendicular to flow direction. 

First, a comprehensive analysis technique was developed for the analysis of rotor 
dynamic loads using a composite rotor blade built around an active box beam. Second, 
the model was used to investigate reduction in hub dynamic loads using closed- 
loop control. A higher order theory-based approach was used to model the smart 
composite beam [157]. Higher-order displacement field was developed to model the 
individual walls of arbitrary thickness, in the presence of eccentricity. The theory 
approximates the elasticity solution so that the beam cross-sectional properties are not 
reduced to one-dimensional beam parameters. It considers inplane and out-of-plane 
warping. Because the relationships between the induced strain due to actuation and 
the applied electric field are nonlinear at high voltages, the formulation includes these 
nonlinear induced strain effects for the piezoelectric strain coefficients. For the rotor 
analysis, an unsteady aerodynamic model was coupled with a rotor blade dynamic 
model to develop an integrated rotor vibratory load analysis procedure. The rotor 
dynamic analysis accounted for deformations in the flap, lag, and torsion directions. 
A finite-state induced flow model was used for predicting the aerodynamic loads. 
The (4/rev) dynamic forces and moment at the rotor hub were calculated in forward 
flight. Parametric studies were also done to assess the influence of the number and 
location of actuators on the vibratory load reduction at the hub. 

Strain rate feedback was used for structural vibration control. The feedback actu- 
ator voltage was defined with the help of the current developed from the electric 
charge. A finite element formulation was used to implement the coupled theory. 
After the induced-velocity coefficients were obtained, the aerodynamic, inertial, and 
centrifugal forces along the blade span were integrated to calculate the rotor vibratory 
loads. 

For maximum efficiency, the distribution of the actuator locations must be closely 
related to the region of high strain rate of the vibration modes. Elements 1 (root area 
where maximum strain rate occurs, blade length is divided into 10 elements) and 5 
represent optimal actuator locations for the control of the second flapping mode and 
elements 1,3, 4, 9, and 10 represent the most effective locations for the third flapping 
mode. Because seven modes are involved in the rotor loads analysis, it was difficult 
to predict the optimal locations of the actuators for the control of all hub loads. Thus, 
two different cases were studied here. The first configuration involved 10 pairs of 
self-sensing PZT actuators surface bonded to the horizontal walls of the box beam 
(elements 1—10) and the second configuration involved 4 pairs of self-sensing PZT 
actuators placed on elements 1, 3, 5, and 7. Blade natural frequencies were calculated 
for both the configurations. Differences were observed in the modal frequencies and 
mode shapes of both the configurations, because of the variation in stiffness arising 
due to the different number of actuators in both cases. 

Significant reductions were observed in all the hub forces and moments using 
active control. A reduction in vertical shear force of about 50 % was achieved. In 
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general, according to the authors, among all six dynamic hub loads, the pitching 
moment, and the rolling moment contribute most significantly to vehicle vibration. 
A reduction of about 33 % was obtained in the pitching moment and 30% in the 
rolling moment. On comparing both the configurations, a reduction of about 50 % 
in vertical shear force was achieved in the first configuration (10 pairs) and about 
30 % in the second configuration (4 pairs). The power consumed was found to be 
60 % lower in the second configuration. This indicated the existence of a nonlinear 
tradeoff between actuator power and vibration reduction. Cesnik and Shin [158] 
performed detailed modeling of the active twist rotors with active fiber composites. 
The analysis was based on an asymptotic formulation for the two-cell thin-walled 
anisotropic active beam [159, 160]. This formulation stems from shell theory, and 
the displacement field (including out-of-plane warping) is not assumed a priori, 
but results from an asymptotical approach. It was observed in case of two-celled 
box beams that increasing the stiffness in the active members always decreased 
the actuation. Two cases were analyzed; one had a symmetric distribution of active 
layers (top and bottom) and other had an asymmetric distribution. Wall 1 was the 
front wall, 2 the middle wall and 3 the back wall of the two-cell box beam. For 
the asymmetric distribution; adding passive stiffness at wall 3 decreased the twist 
actuation, which supports the common view that twist actuation will decrease with 
an increase in torsional stiffness. A change in the stiffness of wall 2 did not affect the 
twist actuation. However, by adding passive stiffness at wall 1, the twist actuation 
was found to increase. But, for symmetric distribution, twist actuation was found to 
be insensitive to the change in stiffness in walls 1, 2, and 3. For both these cases, 
significant coupling of active and passive components between both cells was seen. 
This coupling was noted to diminish for a single-cell section. Hence, the behavior 
in case of two-cell was complex and more realistic than of single cell because of 
coupling effects. To illustrate this, two possible single-cell derivatives of the real 
airfoil-shaped beam were considered. One is the configuration in which trailing- 
edge (fairing) was of very low or zero stiffness, which is known as D-spar single-cell 
beam. The other possible model is one without web, and it is simply called the outer- 
shell beam. It was observed that in none of these cases, comparable results with a full 
(two-section) model were obtained. Either over- or under-prediction was observed 
in these cases. By adding plies at the nose and the web, the twist actuation increases, 
while it decreases when the passive plies are added at the active region and fairing. 
The torsional stiffness was proportional to the variation in the wall thickness and the 
bulk active twist moment increased on increasing the stiffness in walls, except in the 
active regions. 

In case of a more representative two-cell active beam with a NACA 0012 airfoil- 
shape cross-section, active regions were the front spar skins with embedded AFC 
layers, and all other parts of the blade were passive. An electric field of 1.795 MV/mm 
was applied in all cases. By adding or removing E-glass plies at each region of the 
cross-section, the stiffness was varied and a parametric study was performed. They 
found that there was a possibility of obtaining an increase in twist actuation in the 
two-cell model, on adding passive plies at regions other than the active one (web 
and nose). An important conclusion of this study was that the net change in twist 
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actuation in the two-cell active beam depends on the local stiffness variation in the 
active or passive region. The conventional design belief that torsional stiffness must 
be reduced to increase twist actuation was not found to be true. It was shown that 
torsional stiffness can be increased by up to 20 % with an increase in twist actuation of 
about 5 %. The authors mention that the single-cell cross-section model is incapable 
of capturing the interaction between active and non-active cross-sectional walls and 
hence it is insufficient to predict the performance of multi-cell beams. 

Buter and Breitbach [161] investigated the active twist concept using an actively 
controlled tension-torsion-coupling of the structure at the DLR (German Aerospace 
Laboratory). Tension-torsion coupling is an anisotropic behavior which appears in 
structural components. It can be realized by properly orienting the blade stiffnesses. 
The anisotropic material behavior has to be separated from the anisotropic structural 
behavior resulting from structural elements like ribs or stringers. The actuator was 
integrated inside a composite helicopter rotor blade. The rotor blade was represented 
by a tension-torsion coupled thin-walled rectangular beam similar to the BO105 
model rotor with a scaling factor of 2.54. A piezoelectric stack actuator was found to 
be suitable for twisting the blade and a deformation of 1.5? was achieved. However, 
a disadvantage of the actuator was the high spanwise stiffness of the rotor blade 
spar. The adaptive twist was achieved using only the outer part of the blade resulting 
in a comparatively small control effect. An advantage of the actuation at only the 
outer part of the rotor blade was that the aerodynamic forces were the largest at that 
location and it was possible to compensate disturbances induced by the flow field. 

Kube and Kloppel [162] discuss the role of predictive computer programs for 
the development of smart helicopter rotor. Accurate aeroelastic simulations were 
suggested to speed up the development of an adaptive rotor system, since the number 
of design iterations during the development process needs to be minimized. The key 
contributions of this research project were (1) reduce rotor induced vibrations by 
90 % (2) reduce BVI noise by 6dB and (3) expand the helicopter flight envelope by 
5 96. A comprehensive analysis was developed with accurate modeling of the rotor 
dynamics, inflow field, and aerodynamics. The code was validated with wind tunnel 
test data and unsteady Navier-Stokes simulations. 

Vibrations can be reduced by means of higher harmonic blade twist variation with 
NQ, (N—1)$2, (N+1)Q frequencies where N is the number of blades and Q is the 
rotor rotational frequency. Also, the rotor efficiency and blade track can be optimized 
by adjusting the steady part of the blade twist. The tension-torsion coupling method 
discussed in detail in [161] was used and realized using a helical winding in the 
blade skin. Laboratory experiments showed that a twist of at least 1? was realizable 
at the blade tip for a Mach scaled rotor with piezoelectric actuators. The actuator 
mass was 12 9o of the blade mass and was driven with an electric field of approxi- 
mately 200 V. The BO105 helicopter was equipped with an IBC system and noise 
was measured at the ground level and on the landing gear. However, these studies 
with IBC did not use smart material actuators. Ghiringelli et al. [163] developed an 
analytical procedure for modeling of an active twist helicopter rotor using active fiber 
composites. The rotor blade was twisted using induced strain actuators distributed 
into the structure of the blade. Active fiber components made of piezoelectric fibers 
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actuated by inter-digitated electrodes (IDE) were used. Fiberglass was used for the 
outer skin and placed between the piezoelectric plies. Unidirectional graphite epoxy 
(T900) was used for the inner part of the spar. The elastic, inertial and piezoelectric 
properties of the blade section were determined by a dedicated semi-analytical for- 
mulation. A 4-bladed, articulated rotor was studied in hover and forward flight. The 
model was an analytical benchmark full-scale rotor based on the work done by Wilkie 
et al. [164] and is representative of a large class of medium weight helicopter rotors. 
Frequencies of the simulations were matched with the experimental frequencies. The 
aeroelastic analysis was conducted using a multibody formulation. The multibody 
dynamics approach accounts for the possibility of large rotations, nonlinear aeroelas- 
tic behavior or nonuniform rotation speeds. The rotor blades were modeled as finite 
volume beam elements subject to large displacements and rotations. This is shown 
by Ghiringelli et al. [165]. Pitt et al. [166] used strip theory with dynamic stall, radial 
flow, and Mach number correction factor along with dynamic inflow modeling. This 
approach allows a detailed analysis of the kinematics and dynamics of rotorcraft 
avoiding any undue approximation in the kinematics of the system, and with the 
same order of refinement of a finite element model in the description of flexibility 
with reasonable and acceptable computational cost. 

The above studies show improved modeling capabilities for the smart composite 
structure to predict the behavior of active twist rotor blades. The analytical methods 
provide a way to conduct parametric studies on actuator placement and on the design 
of the rotor cross-section for obtaining maximum twist actuation. These analyses 
also allow the development of control algorithms. The studies also show the use of 
monoliths placed at 45° on the top and bottom of the box-beam, AFC’s and stack 
actuators. It should be noted that all of the above studies use direct piezoelectric 
coefficients. 


1.8.6 Induced Shear Mechanisms 


Piezoelectric strains could be defined in terms of two direct strain coefficients d3; or 
d33 and one shear strain djs coefficient. All the studies discussed until now used the 
direct strain coefficients d3; or d33 piezoelectric coefficients. Some researchers have 
looked at the use of the shear strain coefficient dj5 of the piezoelectric actuator for 
active twist rotors. 

Smith [167] analytically evaluated an induced shear piezoelectric tube as an active 
blade twist actuator. This induced shear actuator had already been investigated for 
trailing-edge flap models. An effort for developing an active twist rotor was pursued 
in this study. A finite element model of the induced shear actuator and rotor blade was 
used to guide the design of the tube actuator for both small-scale and full-scale rotor 
blade applications. The performance of the induced shear actuator was then compared 
to the NASA/Army/MIT Active Twist Rotor. One advantage of using shear strain 
in a piezoelectric actuator is that the piezoelectric coefficient for shear is higher in 
magnitude than that for bending or axial. In addition, in the design aspects, unlike 
the trailing-edge flap and active tip blade applications, amplification mechanism is 
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not required for the active twist rotor. One end of the actuator tube is clamped to a 
rib in the rotor blade while the other end of the tube actuator is attached to the rotor 
blade tip. A precompressive load must be applied to the tube actuator to alleviate 
any tension loading due to centrifugal effects. Possible chord-wise locations of the 
active blade twist actuator include the leading edge of the blade and the 25 ?o chord 
location in the D-spar cavity. The leading-edge placement was desirable because this 
will allow the replacement of the inactive leading-edge weights with active leading- 
edge weights. Placement at 25 ?o chord was also desirable because it allows for the 
most range in the tube radius design and will not shift the blade center of mass 
location. The twist performance of both these actuators was analyzed and compared. 

A torsion finite element model of the rotor blade and induced shear actuator was 
developed using Lagrange's equation to predict the blade twist angle distribution. 
Boundary conditions were such that the tube actuator twist is zero at the actuator 
clamping near the blade root. It was assumed that there was no blade twist at the root 
and blade twist and tube twist were equal at the tip. Both full-scale and small-scale 
applications were investigated. Actuator location at 25 % chord was found to be more 
suitable than the leading edge location as the actuator torque is a function of the tube 
radius to the fourth power, while the tube twist 1s related to the tube radius to the 
first power. Thus, the drop of torque is more significant than the increase in twist 
that results from shifting the actuator to the leading edge. A full scale active twist 
tube actuator was designed with a weight of 1.36kg (5 % rotor blade mass penalty) 
and a maximum tube radius of 0.89 cm when placed at 25 96 chord location. In case 
of a small-scale active twist rotor the weight of the tube actuator was 0.23 kg and 
a maximum tube radius of 0.635 cm. The tube was subjected to an electric field of 
4kV/cm. 

The induced shear tube actuator runs across 33 % of the blade span while the 
active fiber packs are embedded from 30 to 98% radius location. The shear tube 
actuator has the benefit of generating the blade twist at a lower applied voltage 
level when compared to the AFC. The shear tube actuator has an advantage of being 
discrete, while the active fiber design requires to be embedded in the rotor blade airfoil 
skin. Moreover, a discrete actuator is more accessible for maintenance, inspection, 
and replacement than an actuator embedded in the airfoil skin. One drawback of 
the tube actuator is the larger (approximately 1.13kg) added weight compared to 
AFC (approximately 0.127 kg). A key result of this study was that the finite element 
analysis indicated that a 121.92 cm long tube actuator generates a tip twist of 3-1.10? 
in a full scale MD900 blade and a 45.72 cm long tube actuator generates a tip twist 
of 31.40? for a small-scale blade. 


1.9 Suppression of Dynamic Stall-Induced Vibration 


The aerodynamic loads on the rotor are mainly due to the time varying relative airflow 
during the forward flight, wake and the dynamic deflection of the rotor blades. At high 
forward speed and thrust coefficient, very high pitching moments are generated due 
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to retreating blade-stall. Stall occurs due to flow separation over the airfoil leading to 
a sudden loss in lift and increase in drag and pitching moment. Static stall occurs due 
to a slow increase of the angle of attack (œ) experienced by the airfoil. In contrast, 
dynamic stall occurs when the airfoil also undergoes heave and pitch rate motions 
which leads to separation and reattachment of flow on the airfoil. Dynamic stall 
results in high values of lift and the delay of the fall of lift to much higher angles 
of attack compared to static stall. However, dynamic stall also generates very large 
increases in pitching moment and drag coefficients. This in turn stress the pitch links, 
decrease fatigue life of components and induce excessive vibration. Another problem 
is because of the blade tips penetrating into supercritical and transonic flow regimes 
inducing strong shock waves. Rapid increase in blade torsion moments and vibration 
because of dynamic stall on the retreating side and compressibility effects on the 
advancing side is the primary limiting factor for helicopters. Modeling dynamic stall 
requires improved aerodynamic analysis contributing to the final goal of achieving 
accurate aeroelastic analysis of the rotor [168, 169]. It is also important to mention 
that in general, for a 4-bladed rotor 2/rev control is good for reducing stall area and 
3, 4, and 5/rev control for reducing vibration. 

The highest levels of vibration can occur at very high-speed flight (u > 0.3) 
due to flow separation and dynamic stall. Reducing vibration induced by dynamic 
stall can allow the helicopter to fly at higher forward speeds and therefore expand 
the flight envelope of the helicopter. Active control of helicopter blade-stall was 
addressed by Nguyen and Chopra [170, 171] using HHC. The rotor model used for 
this study is a four-bladed hingeless rotor of the BO-105. A blade pretwist of — 10? 
was used. Forward speed upto u = 0.35 were investigated for analysis. Finite element 
analysis including unsteady aerodynamic effects and a nonuniform inflow model is 
used. Stall suppression is based on a transfer-matrix approach. Each element of the 
transfer matrix represents the sensitivity of the controlled parameter to each harmonic 
of the blade root actuation. Transfer matrix was computed using a finite difference 
method in which each harmonic of the control input is perturbed individually. Stall 
index was used as the measure for identifying the severity of the stall. Stall index was 
defined in terms of the excess lift over the stall area. Open-and closed-loop controllers 
were investigated. Both performance improvement and reduction of stall index were 
addressed in this study. It was observed that stall could be suppressed effectively 
with higher harmonic control at both cruise- and high-speed flight with a control 
amplitude of around 1?. It was also observed that at low speed flight, stall index was 
fairly insensitive to higher harmonic and multi harmonic input. Reduction in stall 
index was less with closed-loop multi-pharmonic input but a gain performance was 
achieved. However, the studies by Nguyen do not consider smart material actuation. 

Wilkie et al. used the Active Fiber Composite (AFC) approach to suppress 
dynamic stall. AFC laminae were embedded in the blade structure at alternating 4-45? 
orientation angles. Classical laminated plate theory was used for deriving structural 
and piezoelectric actuation properties. Numerical results were obtained using the 
PETRA active twist rotor aeroelasticity computer code. Primary constraints on the 
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AFC blade design were to maintain the blade mass and bending stiffness approxi- 
mately equal to that of a conventional helicopter rotor blade structure. Blade torsional 
stiffness was reduced as much as possible to maximize active twist. A blade twist 
of —8° was used. Flight speed upto u = 0.3 were investigated. In this study, 2/rev 
control was used to suppress the stall area on the rotor disk. Active fiber composite 
plies were used to improve the dynamic stall response characteristics of the typi- 
cal rotor. It was shown that with active control a delay in dynamic stall could be 
achieved resulting in reduced rotor power and an expansion of the flight envelope 
of the helicopter. Trade-off studies between torsional stiffness and actuation capa- 
bilities were also conducted. However, this study does not directly address vibration 
suppression which results from a complex interaction of nonuniform wake, unsteady 
aerodynamics, flow separation, dynamic stall, and blade motion. 

Later, Depailler and Friedmann [172] demonstrated the suppression of dynamic 
stall using actively controlled trailing edge flap. The Onera dynamic stall model was 
used in conjunction with a rational function approximation for unsteady aerodynamic 
loads for attached flow. A parametric study was conducted over single and dual-flap 
configurations and their efficiency in terms of flap deflection was studied. With the 
help of these configurations, reduction in vibration for cruise and high-speed flight 
conditions was conducted. Using a single flap all the vibratory loads were reduced 
by 70—85 96 with the exception of the vertical hub shear. The dual-flap configuration 
reduces all loads by 70—95 % and is 40 % more effective than single flap. 

The above-mentioned approaches and models have been devised and proposed for 
suppressing the dynamic stall induced vibration. The above studies mostly focussed 
on reducing vibration at various flight conditions with the help of either higher 
harmonic control or active control approach. 


1.10 Organization of the Book 


Chapter2 represents the mathematical modeling for the smart helicopter rotor. For 
the active twist rotor, the derivations need to be modified to include smart struc- 
tures terms. For the active flap rotor, the rotor equations are not changed and the 
trailing-edge flap is included through an aerodynamic model and a piezoelectric 
stack actuator model. Chapters 3—7 develop the trailing-edge flap-based smart rotor 
concepts through a series of numerical simulations which uncover the physics of the 
problem. Aspects of controller development, flap placement, and actuator hystere- 
sis compensation are highlighted in these chapters. Chapters 8—11 discuss the active 
twist rotor using the piezoceramic-induced stear concepts. The use of the active twist 
concepts for dynamic stall suppression is brought out. The book illustrates a variety 
of algorithms, concepts, and methods for the development of smart helicopter rotor 
systems. 
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Chapter 2 
Mathematical Modeling 


The governing equations of the helicopter rotor blade enabling piezoceramic-axial, 
bending, and shear actuation are derived in this chapter and an outline of the aeroelas- 
tic analysis used in this book is given. A background on piezoelectric materials used 
in this book is also provided. Section2.1 begins with an introduction to piezoelec- 
tric materials and Sect. 2.2 explains the piezoceramic actuation concept. Section 2.3 
provides an introduction to terminology used in the helicopter field. In Sect. 2.4, 
structural modeling is explained. Section 2.5 explains the aerodynamic model used 
for the aeroelastic analysis. Section 2.6 presents the blade and hub loads. Section 2.7 
explains the aeroelastic analysis of a rotor. Section2.8 gives the summary of this 
chapter. 


2.1 Piezoelectric Materials 


Piezoelectricity stems from the Greek word piezein, meaning to press or squeeze. It 
was found out that quartz changed its dimensions when subjected to an electric field 
and conversely generated an electric charge when it was pressed. A piezoelectric 
material develops a potential across its boundaries when subjected to a mechan- 
ical stress (or pressure), and vice versa, when an electric field is applied to the 
material, a mechanical deformation ensues. Piezoelectric materials therefore fall in 
the class of smart materials which are typically controllable using some physical 
variable such as electric or magnetic fields or temperature. Ferroelectricity is a sub- 
group of piezoelectricity, where a spontaneous polarization exists that can be reori- 
ented by application of an AC electric field. Two types of piezoceramics exist: Soft 
(Ex: PZT-5H, PZT-5A) and hard (Ex: PZT-4D, PZT-8). 

Soft piezoceramics are donor-doped PZT (Lead zirconate titanate) and hard piezo- 
ceramics are considered to be acceptor-doped PZT’s. Material research says that soft 
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Table 2.1 Differences Property Soft PZT | Hard PZT 
between soft and hard 
piezoceramics Piezoelectric constants Smaller 


Permittivity Lower 


Electromechanical coupling Higher Lower 
factors 


Resistance Lower 
Linearity Better 
Polarization/Depolarization Difficult 
Hysteresis Lower 


PZTs have an exceptionally high-domain wall mobility, while the hard piezoceram- 
ics suppress the domain wall response. Regions in the piezoceramic with uniformly 
oriented spontaneous polarization are called domains and the region between two 
such domains is called a domain wall. This characteristic leads to the following 
differences between soft and hard piezoceramics (Table 2.1). 

When manufactured, a piezoelectric material has electric dipoles arranged in 
random directions. In order to avoid a random response from each of these dipoles, 
alignment of dipoles is required so that a uniform response is achieved when an 
external stimuli is applied as shown in Fig. 2.1. For poling (aligning), the material is 
heated above its Curie temperature and a strong electric field is applied. The direction 
in which the field is applied is the polarization direction, resulting in the alignment 
of the dipoles in that direction. For fixing the poling direction permanently, the 
material is cooled below its Curie temperature. Every piezoelectric material has a 
specific Curie temperature. Polarization never results into a full/perfect alignment of 
all dipoles to give the ideal piezoelectric effect; however, the polycrystalline ceramic 
exhibits a large piezoelectric effect. While the polarization is being carried out, 
the dipoles are properly aligned but as soon as the external stimuli are removed, 
there is an introduction of an extremely small amount of randomness in dipoles 
once again. This process is depicted in Fig. 2.2. During this process, there is a very 
small expansion of the material along the poling axis and a contraction in both 
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Fig. 2.1 Polarization in a piezoelectric domain 
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Fig. 2.2 Detailed polarization process 


directions perpendicular to it. These dipoles after poling respond collectively to 
the external stimuli [1]. Application of an electric field (voltage) to a poled PZT 
results in its deformation (straining). Depolarization of the piezoelectric ceramic can 
result if it is exposed to excessive heat, electrical drive, or mechanical stress or any 
combination thereof. The temperature at which piezoelectric ceramic will be totally 
depoled is known as the "Curie point." The constitutive equations are based on the 
assumption that the total strain is the sum of the mechanical strain induced by stress, 
the thermal strain induced by temperature, and the actuation strain dependent on 
applied electric field. The relation between strain and voltage 1s linear in the first 
order at relatively low electric fields and low mechanical stress levels. In general, 
piezoelectric materials are relatively linear at low electric fields and bipolar in nature. 
At high levels of electric fields, they exhibit nonlinearity to quite an extent. Although 
under an applied electric field they generate very low strains, they cover a wide range 
of actuation frequency [2]. 

Coupled electromechanical constitutive relations [3] for a piezoceramic are given 
as follows: 


D; = e}, Ej + dim + GAT j21.3, f=1.3, | (2.1) 
j Ej + Sp, 0m + Gic AT k=1.6,m=1.6. . (22) 


€k 


Piezoelectric materials have the capability of undergoing strain on the applica- 
tion of an electric field. This concept is known as the converse piezoelectric effect 
(Eq. 2.2) and is exploited in actuators. Examples for the use of converse piezoelectric 
effect are sonar, ultrasound generation, positioners, motors, vibration cancelation, 
ultrasonic surgery, and so on. It allows the alteration of system characteristics as 
well as the system response. The same material (PZT) generates an electric charge 
when subjected to a mechanical force or deformation. This is known as the direct 
piezoelectric effect (Eq. 2.1) and is used in sensors. Examples for the use of direct 
piezoelectric effect are accelerometers, hydrophones, ultrasonic transducers, etc. The 
piezoelectric converse and direct effect is explained in Fig. 2.3. The microprocessors 
analyze the response from the sensors and use distributed parameter control theory 
to command the actuators to apply localized stresses to minimize the response of 
the system. Hence, piezoelectric materials are utilized either as actuators or sensors 
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which ultimately contribute to a structure being smart. Since the structure can sense 
its environment and respond in a favorable manner, piezoelectric ceramic materials 
are typically employed as actuators (Eq.2.2), while polymeric piezoelectric mate- 
rials are typically employed as sensors (Eq. 2.1). Equation 2.2 could be rewritten in 
matrix form as follows: 


€1 Sii $12 $33 O O O 01 

€2 S12 $11 $13 0 0 0 O? 

E€ | — | Si3 $3 833 0 0 0 03 

€23 0 0 0 S44 0 0 T23 

€31 0.0 0 0 S44 0 T31 

€12 0 0 0 0 0 S66 T12 
0 0 d Arc] 
0 0 d» O62 
0 0 dz E A3 | Ar 23 
0ds 0 || Z2[* [es [^^ x 
dis 0 0 i rcs 
0 0 0 ree 


Extension/Contraction in a piezoceramic element depends on the polarity of the 
electric filed and the poling direction of the piezoceramic. The piezoceramic will 
shorten if a voltage of opposite polarity to the poling direction is applied to the elec- 
trode. If the applied voltage has same polarity as the poling voltage, the piezoceramic 
will lengthen. But if an AC voltage is applied to the electrodes, the piezoceramic will 
grow and shrink at the same frequency as that of the applied voltage. These phenom- 
ena are depicted in Fig. 2.4. Piezoelectric solid-state transducers are characterized by 
high forces in the range of kilo newtons, with reaction time of the order of a few mil- 
liseconds, along with a positioning accuracy of the order of a few nanometers. They 
have been successfully used over many years in a wide range of applications such as 
ultrasonic transducers, accelerometers, gramophones, resonators, filters, inkjet print- 
ers, and as various kinds of sensors in structural problems. Reviews on aerospace 
applications are given by [4]. Regarding the availability, there are various manufac- 
turers who supply the characteristics of their products. Piezoelectrics are available 
in the form of sheets and films. 

The advantages of piezoelectric materials being used as sensors and actuators 
include ease of integration into existing structures, easy control by voltage, low 
weight, low power requirements, low-field linearity, and high bandwidth (allow- 
ing large range of applications). In general, piezoelectric materials can be broadly 
classified into two groups: piezoceramics and piezopolymers. The most common 
piezoceramic is lead zirconate titanate (PZT) and the most common piezopolymer is 
Polyvinylidene Fluoride (PVDF). PZT is a ceramic and has high stiffness, while the 
PVDF polymer is more flexible and has low stiffness and high damping. The high 
stiffness of the PZT makes it a suitable actuator because of its high actuation author- 
ity and fast actuation response. In contrast, the flexibility and low stiffness of PVDF 
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Fig. 2.3 Direct and converse 
piezoelectric effect 
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makes it a better sensor. From these two types of piezoelectric material, there exist 
a variety of configurations in which they can be manufactured to be used as sensors 
and actuators. In terms of handling and practicality, the brittleness of piezoceramics 
places a restriction on its minimum thickness. Also, the attachment of piezoelectric 
materials to the host structure has to be performed with proper electrical insulation 
(Table 2.2). 


2.1.1 Single Crystals 


In general, relaxor-based ferroelectric single crystals have a different crystal com- 
position and orientation as compared to conventional soft or hard piezoceramics. 
Physicists and metallurgists consider this structure to be very complex. Nonstoi- 
chiometric doping proved to be effective in creating instabilities in the material to 
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Fig. 2.4 Dependence of deformation on poling direction 
Table 2.2. Nomenclature for the piezoceramic parameters 

D — Dielectric displacement (3 x 1) vector Newtons/milliVolts 

e — Dielectric permittivity (3 x 3) tensor Newtons/square Volt 

E — Applied electric field (3 x 1) vector Volts/meter 

d — Piezoelectric coefficients (3 x 1) vector meters/Volt 

o = Stress (6 x 1) vector Newtons/square meter 

a = Thermal constants (6 x 1) vector Newtons/Volt-meter-degrees Kelvin 
AT = Temperature Constant degrees Kelvin 

€ = Strain (6 x 1) vector 

S = Elastic compliance (6 x 6) matrix square meters/Newton 

Qc = Thermal coefficient (6 x 1) vector I/degrees Kelvin 


generate large responses, making the material “smarter.” The lead zirconate—lead 
titanate solid solution (PZT) system is one such successful example. The use of Nb 
doping can dramatically increase the value of the piezoelectric property of PZT. Of 
this category are (1 — x) Pb(Zn,/3Nb2/3) O3 — x PbTi O3 (PZN—PT), and lead zinc 
niobate-lead titanate crystals. Here x is the percentage of PbTiO; in the crystal. 

Domain engineered single-crystal systems (like PZN-PT) exhibit superior electro- 
mechanical properties compared to the conventional PZT ceramics. Itis natural to ask 
the question, *Why the electromechanical properties have such values?" The answer 
to this lies in the crystallographic orientation and phase of the structure. It has been 
found that near the morphotropic phase boundary (MPB) between the rhombohe- 
dral and tetragonal phases, the levels of strain and the piezoelectric coefficients rise 
anomalously. In summary, without going into greater detail regarding the material 
configuration, this is the key to the high piezoelectric coefficients in single crystals 
like PZN-8 %PT. 
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Table 2.3 Comparison of the electromechanical properties 


Max strain 96 Elastic energy Coupling Relative speed 
density J/cm? efficiency (k^) % | full cycle 





Single-crystal materials are grown in crucibles at high, very tightly controlled 
temperatures using a starting seed to determine the crystallographic orientation. 
Orientations can be tailored to optimize response to longitudinal, transverse, and 
shear excitations commonly used in transducer designs. A significant reorientation 
of domains is achieved during polarization of single-crystal materials, resulting in 
higher electromechanical coupling factors (applied electrical energy is converted into 
mechanical or acoustic energy) of 90 % or more, as compared to 70% for polarized 
conventional piezoceramics. Single-crystal piezoelectric materials also offer higher 
bandwidths, up to 135 %, as compared to 40—45 % for PZT. In actuator applications, 
single-crystal materials can achieve field-induced strains three times greater than 
those obtained in PZT. The dielectric losses in single crystal are much less than 1 46, 
as compared to 2 % for PZT. A quantitative comparison of the properties for general 
PZT and PZN-PT ceramics is made in Table 2.3 [5]. 

According to Park and Shrout [5], in designing an actuator, the maximum strain 
energy density should be as high as possible. Generally, the induced strain due to the 
applied field is the most important parameter for an actuators performance. This is 
also reflected in the strain energy density function which can be defined as below: 


= (1) (;) E( 2 ) (2.4) 
€max = p 4 2) S max ° 


where emax is the strain energy density, E is the actuators elastic modulus, Smax is 
the maximum field-induced strain, and p 1s the actuators density. The factor 1/4 in 
Eq. 2.4 1s appropriate for an actuator impedance related to its surroundings. 

Piezoelectric properties of PZN-PT-type single crystals with «001 —-orientation 
have been found to posses large direct piezoelectric coefficients (d33, d31) which 
are almost of the order of 10—15 times that of a soft piezoceramic such as PZT-5H. 
However, the shear coefficient djs of these materials is relatively poor as compared to 
soft piezoceramics such as PZT-5H. Liu et al. [6] reported that the piezoelectric shear 
coefficient dj5 of PZN—4.5 %PT and PZN-8 %PT crystals oriented in <111> is very 
high as compared to the conventional soft piezoceramic materials. Here, <001> 
and <111> orientations are directions in a crystal. These directions are shown in 
Fig. 2.5. Such single crystals are now commercially available and should therefore 
be evaluated for applications. 
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Fig. 2.5 The <001> and [0 O 1] 
<111> orientations in a 
crystal 


2.2 Piezoceramic Actuation 


The relationship between induced strain and the applied electric field for piezoelec- 
tric materials can be understood with help of the piezoelectric constitutive equations. 
Modeling of induced strain actuation was addressed initially by Crawley [7] and 
later was discussed and validated in detail by Hong and Chopra [8]. The constitu- 
tive equations for piezoelectric material are ‘poling-direction’ dependent; therefore, 
appropriate care should be taken when using them. For a piezoelectric segment, there 
are three directions in which poling can be established. 


e If axial and bending actuation is desired, poling direction should be selected as 
‘3.’ For a piezo segment shown in Fig. 2.6, poling is in the 3 direction and the 
constitutive equations can be written as 


Fig. 2.6 Configuration of a 2 
piezo segment with poling 
direction 3 


ds 
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A 0 0 dz 
).22 0 0 dy E, 
À33 0 O0 da 

— E51. 2.5 
À23 0 d 0 E: fe) 
À31 dis 0 0 3 
^42 0 0 0 


This relationship is found in most literature where poling in 3 direction is assumed. 
Here, A is the actuation strain and in general, the first subscript of the d-constant d jx 
gives the "electrical" direction (field or dielectric displacement) and the second 
gives the component of mechanical deformation or stress. The convention is to 
define the poling direction as the 3-axis, and the shear planes are indicated by the 
subscripts 4, 5, and 6 and are perpendicular to directions 1, 2, and 3, respectively. 
The planar isotropy of poled ceramics is expressed in their piezoelectric constants 
by the equalities d32 = d3, (an electric field parallel to the poling axis 3 interacts in 
the same way with axial stress along either the 2-axis or the 1-axis) and d?4 = ds. 
Similar relations hold for the elastic constants because of the isotropy in the plane 
perpendicular to the polar axis. In general, the piezoelectric strain coefficients djs 
and d54 contribute to shear strains and others to normal strains. 

e If shear/torsional actuation is desired, then the poling direction should be selected 
in the length direction, which is *2’ as shown in Fig. 2.7. For such a piezo segment, 
the constitutive equations can be written as 


Ai 0 dzi 0 
hoo 0 d33 0 
À33 0 dz 0 Ei 
jos =! 9 9 doa . (2.6) 
Adi 000 i 
À12 dis O O 
Fig. 2.7 Configuration of a 2 


piezo segment with poling 
direction 2 


dis" 
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Fig. 2.8 Configuration of a " 1 
piezo segment with poling 
direction 1 


One can select the case which corresponds to the poling in the span/length direc- 
tion. But the coordinate system that we refer to is different from that mentioned in 
the above cases. Thus, we transform case 2 to the following coordinate system 


À11 dz 0 0 

Oy) dı 0 O E 

À33| | d32 O 0 

^| | 0 0 O 5 cae 
À31 0 0 d : 

À12 0 dis O0 


For the piezoelectric segment shown in Fig. 2.8, the span and poling direction is 
the ‘1’ direction. It can be seen from Eq.2.7 that both A3; and A45? utilize djs. In 
Chaps. 8—11 of this book, the shear strain A1» is employed to produce twist in the 
structure. 


2.3 Key Terminologies and Nondimensional Parameters 


Since this book deals with helicopter main rotor, some key terminologies used in this 
book are explained first. Figure 2.9 shows the rotor disk. Any point on the rotor disk 
can be located based on the polar coordinates (r, y). Here, r is the radial location 
and varies from r = 0 at the hub tor = R at the tip, where R is the blade radius. 
The rotor rotates counterclockwise with a constant rotation speed of $2 and moves 
forward with a speed of V. When the blade is at y; = 90°, itis at the advancing side 
of the rotor. When the blade is at v = 270°, it is at the retreating side of the rotor. 
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Fig. 2.9 Rotor disk of the 
helicopter 
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Fig. 2.10 Blade cross 
section 
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At any section (7,y), the blade section is an airfoil as shown in Fig.2.10. The 
angle of attack at any blade section can be written as 


alr, V) =A, V) — OU, V), (2.8) 


where 6 (r, Y) is the local blade pitch and ¢(r, Y) is the local inflow angle. The 
inflow angle is usually obtained from a wake model. Wake models for helicopters 
range from momentum theory which assumes a uniform inflow to free wake models 
which account for the nonuniformity in inflow which is characteristic of real rotors. 
Blade section loads are calculated using the angle of attack, a(r, W). The local blade 
pitch 6, (r, Y) includes the effect of both pilot control input 0, and elastic twist Q. 

The nondimensional forward speed (u), thrust coefficient (C7), power coefficient 
(C p), lock number, and solidity of a rotor are defined below. Here, jz is defined as 
the ratio of the forward speed of the helicopter to the rotor tip rotation speed (Q R). 
Lock number y is defined as the ratio of aerodynamic forces to the inertial forces 
and solidity (o) is defined as the ratio of rotor blade area to rotor disk area. 
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Here, V is the forward speed of the helicopter, o is the density of air, $2 is the 
rotor rotational speed, T is the thrust, P is the power, Cia 1s the lift curve slope, c is 
the blade chord, and 7; is the mass moment of inertia about the flapping hinge. Also, 
A is the rotor disk area and N, is the number of blades. 


2.3.1 Nondimensionalization 


The entire formulation and all computations are carried out in nondimensional form. 
In addition to increase the generality of the analysis, working with nondimensional 
quantities can help avoid scaling problems while computing. It should be noted 
that the following physical quantities are nondimensionalized by the given reference 
parameters. Only nondimensional quantities are used in the analysis (Table 2.4). 

Here, mo is defined as the reference mass per unit length of an equivalent uniform 
blade which has the same flap inertia as the actual (nonuniform) blade. Using this 
definition, mọ can be defined as follows: 


R ay? 
mo = a (2.9) 

Table 2.4 Nondimensionali- Physical quantity Reference parameter 
zation 

Length R 

Time 1/9 

Mass/length mo 

Velocity QR 

Acceleration Q?R 

Force moQ? R? 

Moment mo? R? 


Energy or work mo Q? R? 
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2.4 Structural Modeling 


2.4.1 Hamilton's Principle 


The generic governing differential equations are derived for a smart beam/rotor blade 
undergoing axial, chord-wise bending, span-wise bending and elastic twist and sup- 
porting axial, bending, and torsion actuation. A point P on the undeformed elastic 
axis undergoes deflection u, v, w in the x, y, z and moves to a point P' as shown in 
Fig.2.11. X and Y are the hub coordinate axes and blade is at a precone angle 6, 
from the hub axes. The cross section undergoes a rotation 6; as shown in Fig. 2.12. 
Here 6 is given as 


yO ES N (= = 0.75) + 61,cost + 6,,sinw, (2.10) 


where 675 is the blade pitch at 75 % span of blade, 6,,, is the blade linear pretwist, 
and ĝis and 6;, are the cyclic pitch controls. 
The constitutive equations of an isotropic beam plate [9] can be written as follows: 


€xx 1/E -v/E-v/E 0 0 O Oxx 
Enn —v/E 1/E -v/E 0 0 O Onn 
Exn 0 0 0 1/G O O UP 
Enc 0 0 0 0 1/G 0 Tne 
Ext 0 0 0 0 0 1/G Txt 


The following fundamental assumptions are made for the analysis [10]: 


(1) Mid-line of a plate segment does not deform in its own plane; 
(ii) the normal stress in the contour direction, o;;, is neglected relative to the normal 
axial stress o,,; and 
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Fig. 2.11 Deformation of rotor blade 
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Fig. 2.12. Deformation of Z 
cross section 
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(iii) rotor blade is a long slender beam and hence the uniaxial stress assumptions 


can be made; onn = 0, o;; = 0 and Tye = 0. 


The strain displacement field (accurate up to second order and accounting for mod- 
erate deflections) 1s defined as 


zo wi v w'? A 2 2 / INA 
Exx — tut Are + (nN + E Oop (9) /2) 


— v"[n cos(0o + $) — ¢ sin(@ + $)] 


—w"[nsin(@% + $) + £ cos( + $)]. (2.12) 
€ = (E + Àr, Do = Eg, (2.13) 
Ex = (— Ar Dp = f. (2.14) 


This results into equations being geometrically nonlinear. Here, v, w and Q are 
axial, chord-wise bending, span-wise bending, and elastic twist, respectively; 0o is the 
blade pitch; 7 and ¢ are the cross-sectional coordinates; and A7 is the cross-sectional 
warping function. Also, ó' = $' — w'v" and u = ue — l i (v^ +w^dx. 

Based on these assumptions and strain-displacement relationships (Eqs. 2.12— 
2.14), Hamilton's principle is used to derive the system of equations of motion. For 
a conservative system, it states that the true motion of a system, between prescribed 
initial conditions at time v and final conditions at time yo, is that particular motion 
for which the time integral for the difference between potential and kinetic energies 
is a minimum. The generalized Hamilton's principle applicable to nonconservative 
systems is expressed as 


V 
dtl = (U — ôT —óW)dwv =0, (2.15) 
Vi 


where ôU, ôT, and ôW are virtual variations of strain energy, kinetic energy, and 
virtual work done by external force, respectively, and ôT represents the total potential 
of the system. 
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The strain energy of the system can be written as follows: 


1 R 
U = ; | f [teen + Oxn€xn + Oxc€xc) dn dg dx. (2.16) 
0 JA 


On addition of the smart layer, both the strain and kinetic energy of the existing struc- 
ture are modified but the virtual work done due to applied forces remains unchanged. 
The kinetic and strain energy terms of the isotropic beam are defined in Appendix A. 
The nonlinear equations listed in Appendix A have been derived by Hodges and 
Dowell for elastic bending and torsion of twisted nonuniform rotor blades. Appen- 
dix B lists the section properties used in Appendix A. This theory was used by Epps 
and Chandra [11] to validate the rotating frequencies obtained by experiments. Also, 
Ganguli et al. [12] have correlated the analysis with vibration data and found that 
the analysis predicts vibration trends properly. 


2.4.2 Smart Structure Expressions 


The use of piezoceramic actuators changes the strain energy of the rotor blade. In 
the framework of above-mentioned assumptions, the equations of motion for a rotor 
blade/beam with surface-bonded piezoceramic actuators are derived. This derivation 
is generic for axial, bending, and torsion actuation and could be used as per the 
requirement of the application. The equations are used in Chaps. 8—11 for the active 
twist rotor. On using the variation of strain energy in the Hamilton’s principle, we 
get 


1 R 
óU = J) J [e + OxnôExn + OxcôExc) dn d£ dx. (2.17) 
0 JA 


The induced strains due to the bonding of piezoelectric layer were discussed in Eq. 2.7 
and now superposition of these two constitutive equations will yield the derivation 
of smart terms. 


1 R 
U = J) fi J (e notes esce hM nat dx. (2.18) 
0 A 


Here, we utilize only A; and A1» in the above equation. The required bending and 
axial actuation can be obtained from A; and shear/torsion actuation is achievable 
from Aj. 


where se, = du’ + v/8y' + w'áw' + (n? 4- £^)(09 ! -- $)89! — Arso" 
— [n cos(8o +) — £ sin(6o + $))(0v" + wo) 
— [n sin(0o + à) + € cos(O) + Q)](6w/ — v 8$), (2.19) 
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óc, = —t 8, (2.20) 
óc, = f) 09, (2.21) 


where ¢ =f+ 5% andj =n — FE. 
Performing the variation in strains and then nondimensionalizing with respect to 


‘R’ (Radius of rotor), the following smart strain energy contributions are obtained: 
1 1 
a >| Aodx, (2.22) 
2 Jo 
p. if i 
C= J) (A1 (% +o +w v^) — Ag} dx, (2.23) 
0 


NP RA n 
U,» = J / {— A (cos o — @sin@) + A3(sin 6 + $ cos 09) + Aaw'}dx, 
0 


1 1 
Uj = 5 J —A; dx, (2.24) 


] [! r a 
Uc 7 | (LA» (sin 05 + $ cos 0o) + A3(cos 6o — $ sin 69)] v" 
0 
+ [—A»(cos 0 — dsin Oy) + A3(sin 6o + cos 09)] w dx, (2.25) 
1 f! à n 
Up = 2 / [—A»(sin 09 + $ cos09)] — A3(cos 6o — dsinG)] dx. (2.26) 
0 


Hence, evaluating and deriving the new terms which arise due to surface bonding 
of the smart layer with appropriate substitution by section integrals yields 


OU smart 
Mo Q? R? 


1 
E / [Ao (8u!) + A1 (+ 56" 
0 


+ (—A2 cos(@ +¢) + As sin(@ + $)) (8v" + ws) 
+ (—A» sin(@9 + Q) — As cos(O9 + )) (Sw” — y" 5) 
— (A4 89) — (As 56")] dx, (027 


where Ao, A1, A», A3, A4 and As are the section properties due to piezoceramic 
actuation and are defined in Appendix B. The above derivation is generic for a beam 
undergoing displacements (axial, transverse bending, inplane bending, and torsion); 
also, itis generalized for axial, bending, and torsional actuation. Ao and A, contribute 
to axial actuation, A3 to bending actuation, and A4 to shear actuation. 
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2.4.3 Identification of Smart Terms 


The governing equations derived in Eq. 2.27 and shown in Appendix A contain a very 
large number of terms and are complicated to understand as they are derived for a 
generic cross-sectional beam with pretwist. To explain the physical significance, a 
symmetric section is taken as an example with 09 and f, assumed to be zero. This 
simulates a rotating beam. In this case, the equations become simpler and hence the 
following element stiffness, damping, and mass matrices are obtained. The linear 
and nonlinear element force vectors are also shown for the same case. 


|) EAH, H, ds 
h ELH’ H ds 
0 + fd FAHT H ds 


| — fi mH? Hds | 

| 0 h AuH T H ds | f) EISHT H ds | 

| +f) FAH T H ds | 
2 





la m (ky? — E17) H$ Hads 
1 "T 1 IT 7 
0 — Jo 43H * Hjds 0 + Jo GJH; H;ds 
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AiH~ H.d 
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(2.29) 
, (2.30) 
js mx H,! ds + js Ao H,! ds 
1 0 
F, = 2 "7 za (2.31) 


+ Jo ALH T 
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— fo GJów H "ds — fh (EL, — Ely)w" oH "ds | 
+f Ai (ow +w2v")H T ds + [^ 2m[ fo (v v +w w )d£]H' ds | 
- fo Qv [i midé)H'T ds | 

— | GJ v HTds -Í Qw f mid) H Tds | (2.32) 


Nl 


FNL = 
— de (EAk 26 Ue + GJw v )H; ds 
| = f Aw v H3 ds + hi Asw QHT ds l 


| — f! EAkA2 9. H," ds 


The first, second, third, and fourth row and column in the matrix K and rows in F 
represent the axial, lag, flap, and torsion displacements. The off-diagonal terms in K 
introduce couplings between the displacements. Depending on the type of actuation 
given, the smart terms get activated. For a symmetric section, Ao and A, get activated 
in extension actuation, A5 in bending actuation, and A4 in torsion actuation. It should 
be noted that A» and As are zero for a symmetric section. For bending actuation (A3), 
lag bending-torsion and flap bending-torsion couplings are introduced through the 
stiffness matrix. Linear forcing is introduced into flap and lag bending equations 
and nonlinear forcing in the torsion equation. For torsion actuation (A4), lag—flap 
bending coupling is introduced through the stiffness matrix and a linear forcing in 
the torsion equation. 

Here, FA(x) = f i mx dé isthe centrifugal axial force due to rotation. We observe 
that smart actuation terms cause inplane bending-transverse bending coupling and 
inplane bending-torsion coupling through the stiffness terms. The mass matrix does 
not contain any specific smart structure terms. The damping matrix shows the pres- 
ence of the antisymmetric Coriolis effect, but no influence of smart terms. The linear 
force vector shows the influence of smart actuation on the axial, transverse bend- 
ing, and torsion directions. Nonlinear smart terms are present in the force vector for 
inplane bending and torsion forces. The above equations of motion can be used to 
identify terms that can be tailored by designing a beam cross section to maximize 
the smart actuation effect and minimize the centrifugal stiffening effect. 


2.4.4 Finite Element—Spatial Discretization 


Each of the N beam elements has fifteen degrees of freedom as shown in Fig. 2.13. 
These degrees of freedom are distributed over five element nodes (2 boundary nodes 
and 3 interior nodes). There are six degrees of freedom at each element boundary 
node. These six degrees of freedom correspond to u, v, v’, w, w’, and Q. There are 
two internal nodes for axial deflection u and one internal node for elastic twist 
$. Between elements, there is continuity of displacements and slope for flap and 
lag bending deflections, and continuity of displacement for elastic twist and axial 
deflections. These elements ensure physically consistent linear variations of bending 
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Fig. 2.13 The 15-DOF finite element used for spatial discretization of rotor blade 


moments and torsional moment, and quadratic variation of axial force within each 
element. Using the interpolating polynomials, the distribution of deflections over a 
beam element is expressed in terms of the elemental nodal displacements q;. The 
shape functions used are Hermite polynomials for lag and flap bending, and Lagrange 
polynomials for axial and torsion deflection. For the ith beam element, the elemental 
nodal displacement vector is defined as 


T ^^ ^^ N 
q; = [u1, U2, U3, U4, V1, V], V2, V5, Wi, Wi, W2, Wo, Q1, @2, $3]. (2.33) 


Assembling the blade finite element equations and applying boundary conditions 
results in Eq. (2.16) becoming, 


Mq(V) + Cq(V) + Kq(v) = F(q, q. V). (2.34) 


The nodal displacement vector q is a function of time and all nonlinear terms have 
been moved into the force vector on the right-hand side. The spatial functionality has 
been removed using finite element discretization and partial differential equations 
have been converted into ordinary differential equations. 


2.4.5 Normal Mode Transformation 


The finite element equations representing each rotor blade are transformed to normal 
mode space for efficient solution of blade response using modal expansion. Typically, 
6—10 modes are used. The displacements are expressed in terms of normal modes as 


q = Op. (2.35) 
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Substituting Eq.2.35 into Eq.2.34 leads to the normal mode equations of the 
following form: 


MË) + Cp) + Kpy) = F(p, p. V). (2.36) 
These equations are nonlinear ODEs but their dimensions are much reduced com- 
pared to the full finite element Eq. 2.34. The normal mode mass, stiffness and damping 
matrix, and force vectors are defined as 
M=0'M®, C= C, K= Kọ, F= ^F. (2.37) 
The mode shapes or eigen vectors in Eqs. 2.35 and 2.37 are obtained by solving the 
general eigenvalue problem: 


K, = o?M,$. (2.38) 


Here, o are the natural frequencies of the rotating blade. 


2.4.6 Finite Element—Temporal Discretization 


The blade normal mode Eq. 2.36 can be written in the following variational form: 


27 E 
/ 5p" ( MPO) + CoC) + Kp) - Fp. p. v) ) d = 0.— 2.39) 


Integrating Eq. 2.39 by parts, we obtain 


LS] s tmp [5] 9 

o (ôP Mp Ôp 0 
Since the helicopter rotor is a periodic system with a time period of one revolution, 

we have p(0) = p(2z). Imposing periodic boundary conditions on Eq. 2.40 results 


in the right-hand side becoming zero and yields the following system of first-order 
ordinary differential equations: 


20 
(2.40) 





0 


27 
l ôy“ Qdy = 0, (2.41) 
0 


where 
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The nonlinear, periodic, ordinary differential equations are then solved for blade 
steady response using the finite element in time in conjunction with Newton-Raphson 
method [13]. Discretizing Eq. 2.41 over N, time elements around the rotor disk (where 
V1 = 0, Wy,,, = 27) and taking first-order Taylor series expansion about the steady- 
state value yo = [pd Pol’ yields the following algebraic equations. 


i| 


where 


Witt N, Vil 
by! Qi(yo + Ay dy = >> / 8y; [Qi yo) + Kri(yo)Ayldy = 0, 
i=l Vi 


(2.42) 


i 


Here, K;; is the tangential stiffness matrix for time element i and Q; is the load 
vector. Behavior of the modal displacement vector can be approximated in terms of 
shape functions and a vector of temporal nodal coordinates as follows: 


pi(V) = H(s)ri, (2.43) 


where H (s) are time shape functions (in terms of the element coordinate s) used for 
approximating the normal mode coordinate p. Here r is the temporal nodal coordi- 
nate. In this book, mixed Lagrange—Hermite polynomials are used for interpolation 
within the time element [14]. Substituting Eq. 2.43 and its derivative into Eq. 2.42 
yields the time discretized blade response. 


Q^ + K? Ar? = 0, (2.44) 


where 


Solving the above equations iteratively yields the blade steady response. 
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2.5 Aerodynamic Models 


The aerodynamic environment of a helicopter rotor in forward flight 1s extremely 
complex involving transonic flow on advancing blades and reversed flow on retreating 
blades. The blade is also exposed to unsteady variations in angle of attack and free- 
stream velocity. Because of the complexity of the flow, accurate modeling of the 
unsteady flow field on the blade requires a sophisticated analysis. This section deals 
with aerodynamic loads due to blade/airfoil motion only. The aerodynamic loads 
enter the blade governing equations through their contribution to the external virtual 
work in Hamilton’s principle. 

The aerodynamic modeling of a rotor can be divided into two parts: a local blade 
element model and a global wake model. In this book, an unsteady aerodynamic 
model proposed by Leishman and Beddoes [15] is used to estimate the aerodynamic 
loads due to blade motion. The flow is assumed to be under a linear attached potential 
flow regime. Separated flow and dynamic stall effects are not modeled. 


2.5.1 Attached Flow Formulation 


The attached flow formulation is based on the work of Leishman and Beddoes 
[16]. This model implicitly includes the effects of compressibility. Also, this model 
requires few empirical constants which can be derived from static airfoil data. In 
this formulation, the unsteady lift, drag, and pitching moment are assumed to con- 
sist of circulatory and impulsive (noncirculatory) components. These airloads are 
calculated using an indicial response representation implemented in the form of a 
finite-difference discretization of integral equations. This method determines the 
aerodynamic loadings due to a step change in the downwash at the three-quarter 
chord position. The circulatory loads include the effects of the near shed wake. The 
impulsive loads are due to the presence of propagating pressure waves. 


2.5.2 Reverse Flow 


In forward flight, an inboard region of the retreating side of the rotor disk experiences 
reverse flow. In this reverse flow region, the forward speed component of the total 
velocity relative to the blade becomes larger than the velocity component due to the 
rotational speed. Therefore, the velocity relative to the blade is directed from the 
trailing edge to the leading edge. If the blade dynamics are neglected, the reverse 
flow region is given by Eq. 2.45, which represents a circular region (Fig. 2.14). 


r < —p siny. (2.45) 
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Fig. 2.14 Reverse flow region 


The reverse flow boundary is thus a circle of diameter u, centered atr. = 4/2 for 
the azimuth station of 270? on the retreating side. Reverse flow causes the aerody- 
namic center of the airfoil to shift from xac to (c — x4), where xac is the aerodynamic 
center of the airfoil. 


2.5.3 Inflow and Rotor Wake Modeling 


The wake behind the rotor disk determines the induced inflow distribution over the 
disk and plays a very important role in the prediction of blade response, vibration, 
and rotor performance. An accurate modeling of the induced inflow 1s essential, 
especially at low-speed flight condition. At low speed, the wake stays close to the 
disk and has a dominating influence on blade airloads. There are many wake models 
available with varying levels of complexity and accuracy. Two inflow models are 
used. One is the simple linear inflow model and the other is the elaborate free wake 
model. 
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Linear Inflow Model 


In a linear inflow model, the induced velocities are assumed to vary linearly across 
the rotor disk: 
Cr /2 
/ 2 4 u? 
where A is the total inflow ratio, 4; is the induced inflow ratio, and œ, 1s the forward 


tilt of the rotor disk plane. There are many forms of this model available in literature. 
One form is called Drees [17] model, where «, and x, are defined as 


A = u tano; +A; = u tangs + (1 -F kxx cosy +kyx siny), (2.46) 


Ky = —2p. (2.47) 


This simple inflow model captures the global effects of rotor wake and is usually 
satisfactory for high-speed flight condition, more so for rotor performance and stabil- 
ity predictions. However, this model becomes much less accurate at low-speed flight 
or hover condition when the inflow distribution becomes highly nonuniform over the 
rotor disk. The linear inflow model can be easily implemented in rotor aeroelastic 
analysis due to its simplicity. 


Free Wake Model 


The free wake model used was developed by Bagai and Leishman [17]. The wake 
is divided into three distinct regions: near wake, rolling-up wake, and far wake. 
The near wake is of prime importance to its generating blade due to its proximity. 
The most difficult part of the wake analysis is to calculate the wake geometry. In 
the present wake model, the wake is modeled as a finite number of vortex filaments, 
which are trailed and shed into the wake. These filaments are convected with the local 
flow velocity, which consists of the free-stream velocity and the wake self-induced 
velocity. Since the self-induced velocity is, in turn, a function of the wake geometry, 
the analysis 1s highly nonlinear in nature. A rigid wake geometry, which consists of a 
simple helix convected by the free stream and the mean inflow, is used to initialize the 
calculation, and then the wake geometry evolves until it is stabilized. The vorticity 
strength is determined by the bound circulation which in turn is calculated from the 
lift distribution along the rotor blade. Once the vorticity strength and wake geometry 
are known, the induced velocity can be evaluated using the Biot-Savart law. Free 
wake models can capture nonuniform inflow distributions expected at low forward 
speeds but at the cost of much greater computational effort compared to linear inflow 
models. 
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2.5.4 Dynamic Stall Formulation 


This is characterized by separation at the leading edge and the shedding of con- 
centrated vorticity from the leading edge region. The vorticity is swept downstream 
chord-wise and significantly affects the load distribution on the airfoil. The vortex 
convection rate is calculated using a nondimensional time parameter based on the dis- 
tance traveled by the airfoil in terms of semi-chord length. By monitoring the excess 
lift and the center of pressure movement, the vortex-induced pitching moment is 
computed. As the vortex reaches the trailing edge, the model assumes rapid decay 
of the increment lift. 

Inflow distribution over the rotor disk can be computed using either a simple 
uniform linear inflow model or a free wake model. Typically, the actual wake of a 
rotor is quite nonuniform and requires a free wake model for accurate vibratory load 
predictions. 


2.6 Blade and Hub Loads 


Once the blade steady-state response is obtained, the loads acting at any section of 
the blade are calculated by summation of the aerodynamic and inertial loads. The 
blade root loads are given by 


FYR Ly 
F,R : Ls 
FR Ly 

— dx. 2.48 
M,R / zy + Lv +M, i Sen) 
Myr L,w—Ly(x +u) + M, 
M:R —Lyv T L,(x T u) 25 Mw 


Here, L,, L,, and L,, are the forces acting on element dx along the x, y, and z 
directions and M,,, M,, and M,, are the moments along the x, y, and z directions, 
respectively. The section loads are in the rotating frame and are directed toward the 
undeformed blade axes. In the fixed frame, the rotor hub loads can be expressed as 


Np 


FE (Y) = X (F cosin — Fr'siny, — F2"cosWm Bp), 


m=1 


Np 
FF) = SOCEM sinin + F cosyn — F"sinys y), 


m=1 
Np 
FF (wh) = 5 (F B, + F7), (2.49) 


m=1 
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Np 
MZ (Y) = Š (M? cosy, — Mi" sin — M? cosy; B,). 


m=1 


Np 
Mj! (Y) = X (OM? sind + M cosi, — M” simj Bp), 


m=1 


Np 
MZ (y) = > (M7 B, + M”). 


m-1 


The hub loads are expanded in a Fourier series and the steady and harmonic 
components are calculated. The steady hub loads are required to calculate the steady 
rotor forces which are in turn utilized for trim equilibrium equations to obtain the trim 
controls. After trim controls have been calculated, the blade response for the current 
trim solution is calculated using an iterative process. For a N,-bladed rotor, the fixed 
frame hub loads contain only steady and integer multiples of N,/rev harmonics. In 
general, the N,/rev harmonics are the dominant vibratory components. The analysis 
of hub loads is needed for both trim and vibration predictions. 


2.6.1 Coupled Trim 


Once the hub loads are obtained, the helicopter needs to be trimmed. Trim is defined 
as the condition where the steady forces and moments acting on the helicopter sum 
to zero and simulate the condition for steady level flight. The trim solution for the 
helicopter involves finding the pilot control angles 0 at which the six steady forces 
and moments acting on the helicopter are zeros: 


F(0) = 0, (2.50) 


where 


F! =[F\, Fo, Fs, F4, Fs, Fo). (2.51) 


The following equations are derived from the force equilibrium of a helicopter in 
steady level flight. 


F| = DprcosOrp + Hcosa, — Tsina;, 
Fy = Yr + Ycosó, + Tsings + Thr, 
F4 = Tcosa,cos¢, — DrsinÜpp + Hsing; — Ysinó; — W — Lg, 
F4 = Myr + Myr + Yr (hoosds ar Yeg Sings ) + W (hsings — yegC08SQs) + Ti, (h — Zr), (2.52) 
Fs = Myr + Myr + W(hsino — xcgcoso;) — Dr (hcos(as + Opp) 
+ XcgSiN(Qs + Orp)) + Lit (Xnt — Xcg), 
Fg = Mer + Mer + Ter (Xtr — Xcg) = DF YcgCOSds m Y xc; COS, 
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where Fi, F5, and F3 are, respectively, the vehicle force equilibrium residuals in 
the X, Y, and Z directions in the fuselage axes; and Fy, Fs, and F¢ are the vehicle 
rolling, pitching, and yawing moment equilibrium residuals about the vehicle cg, 
respectively. Also, H, Y, and T are, respectively, rotor drag, side force, and thrust; 
and Dr, Yr, and W are, respectively, fuselage drag, side force, and gross weight. 
The terms 7;,, x;,, and z;, denote the tail rotor thrust, the distance of the tail rotor 
hub behind the vehicle cg, and the distance of the tail rotor hub above the vehicle cg. 
The horizontal tail is located at a distance xj; behind the vehicle cg. The terms in the 
three moment, Mygr and Myr, denote the rotor and fuselage moments, respectively. 
The forces act on the rotor hub and the moments act about the rotor hub. In addition, 
Xcg and y,, and h are, respectively, the relative location of the rotor hub center 
with respect to the vehicle center of gravity in the Xr, Yr, and Zr directions; a, 
(positive for forward flight) and $, (positive advancing down) are the longitudinal 
and lateral shaft tilts, respectively, and Or p is the flight path angle relative to an axis 
perpendicular to the gravity vector. 
The forces acting on the fuselage are calculated using 


y Np f 2 
Dp = ——-—Hu^, 
d 6ao AM 
y Np 
Yp = es Or 
y Np 
MxF = bag CFH, 
25 (2.53) 
M p= —— Cy, FL’, 
á 6ao ^ 
y Np 
M.r = bag CFH", 
y Np 
W = m = Cie u^ /2)u*, 


where y is the lock number, N, is the number of blades, a is the reference lift curve 
slope, o is the solidity, //A is the fuselage flat plate area, C, x is the fuselage side force 
coefficient, C, p is the fuselage yawing moment coefficient, Cw is the helicopter 
weight coefficient, and C;r 1s the lift coefficient. 
For propulsive trim, the unknown quantities to be determined from the equilibrium 
equations are 
O° = [ats, $s, 6o, Vic, Ors, nai], (2.54) 


where the rotor trim parameters 69, 0;., and 0;, govern the main rotor blade. 

The trim equations are solved iteratively using a Newton-Raphson procedure. A 
coupled trim procedure is carried out to solve the blade response, pilot input trim 
controls, and vehicle orientation, simultaneously. This procedure is called coupled 
trim since the blade response Eq. 2.44 and trim Eq. 2.50 are simultaneously solved 
thereby accounting for the influence of elastic blade deflections on the rotor steady 
forces: 
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aff 
A0; = — El F(0,). (2.55) 


For a converged solution, the A0 and F are zero. The controls are updated as 
follows: 
0; 4 = 0; + A6;. (2.56) 


The trim Jacobian, [0 F/90], is calculated using a forward finite-difference 
approximation at 0 = 606, and it is generally held constant throughout the analy- 
sis to save computational time. 

The coupled trim is solved iteratively until convergence. The coupled trim pro- 
cedure is essential for elastically coupled blades since elastic deflections play an 
important role in the net steady forces and moments generated by the rotor. 


2.7 Organization of Aeroelastic Analysis 


Figure 2.15 shows the flow of the aeroelastic formulation and analysis which was 
discussed in previous sections. Starting with the input to the analysis, structural 
modeling is carried out as the first step. The governing differential equations thus 
obtained are space and time dependent. These equations are nonlinear and periodic in 
nature. These equations are discretized using FEM (Finite element method) in space 
and rotating blade natural frequencies and mode shapes are found. Normal mode 
transformation is done to reduce the number of degrees of freedom and thus reduce 
the computational time. Aerodynamic modeling is the next major step. Here, the 
type of aerodynamic model is decided and the governing equations are discretized in 
time. Thus, both space and time dependencies are removed, resulting into nonlinear, 
algebraic equations which are solved using the Newton—Raphson method. Blade 
loads and the helicopter steady loads are calculated which are in turn required for 
performing trim calculations. Blade steady-state response, vehicle orientation, and 
trim control angles are solved for iteratively using a coupled trim procedure. 


2.8 Summary 


The baseline aeroelastic analysis for a helicopter rotor is discussed in this chapter 
along with the basic physics of piezoelectric materials. The approaches for determin- 
ing the blade response, blade and hub loads, and vehicle trim are highlighted. The 
influence of piezoelectric material on the smart rotor equations is highlighted. These 
equations are used for the active twist rotor. For the active flap rotor, the ‘non-smart’ 
equations will be used and the piezoelectric actuator is addressed separately. 
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Fig. 2.15 Organization of aeroelastic analysis 
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Chapter 3 
Preliminary Studies with Active Flaps 


There are primarily two types of flaps that are suitable to be mounted on helicopter 
blades: plain flaps and servo-flaps. The servo-flap design consists of auxiliary airfoil 
sections that are located aft of the trailing edge of the main blades, thereby resulting 
in high drag due to the exposure of hinges and supporting structure. In comparison, 
plain flaps are aerodynamically efficient since the flap is integrated into the blade 
structure, but are located closer to the blade elastic axis and their capability to generate 
pitching moments is correspondingly reduced. The plain flap configuration is used in 
this book. In this chapter, a simple aerodynamic model of the trailing-edge flap is used 
to obtain an idea about the advantages of 1, 2, and 4 trailing-edge flaps. Section3.1 
gives a brief description of the trailing-edge flap aerodynamic model and the flap 
control law. Section 3.2 explains formulation of optimization problem. Section 3.3 
gives the numerical results. Section 3.4 gives the summary of this chapter. 


3.1 Trailing-Edge Flap Model 


In this chapter, the effects of trailing-edge flaps are included by changing the blade 
element airfoil properties [1], using experimental data from Abbott and von Doenhoff 
[2]. This formulation accounts only for the quasisteady effects of the trailing-edge 
flap. The effects of the rotor wake are captured using the Drees linear inflow model. 

In this chapter, we study the effect of multiple trailing-edge flaps, which are used 
to introduce control input directly in the rotating reference frame. It is observed by 
researchers that 3/rev, 4/rev, and 5/rev harmonics are most influential in reducing 
vibration, while 2/rev excitation is useful for BVI noise reduction. These harmonics 
can be applied individually or simultaneously using a harmonic control law. All flaps 
in the current study are deflected at 3/rev, 4/rev, and 5/rev harmonics in the rotating 
reference frame. The following control law is used for the ith flap: 
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0i (V) = 53-3 cos(3W) + 6;-35 sin(3V) + ój 4e cos(4y) 
+ ôi—4s sin(4y) + 6;-5- cos(Sw) + ôi—ss sin(Sy). (3.1) 


Three cases are considered: 


(a) Single flap of 20 % span and one-fifth chord, centered at about 90 % span position. 

(b) Two flaps of 10% span each and one-fifth chord; the first flap centered about 
95 % span position and second about the 85 % span position. 

(c) Four flaps of 5% span each and one-fifth chord; the first flap centered about 
97.5% span position, second about the 92.5% span position, third about the 
87.5 % span position, and fourth about the 82.5 % span position. 


3.2 Formulation of Optimization Problem 


For a helicopter rotor with N, blades, an important source of vibration is the N;/rev 
hub forces and moments transmitted by the rotor to the fuselage. For a 4-bladed rotor, 
the vibration objective function J, is chosen as a combination of the magnitudes of 
the nondimensional 4/rev harmonics of the three forces (longitudinal, lateral, and 
vertical) and three moments (pitch, roll, and yaw) at the hub. This objective function 
has been used in several helicopter rotor optimization studies. 


JOD GREY + Fay? Meh)? + (M$) + (M4R)? 
n= oo 4 >. Q2) 
Fen MZH 


Our aim is to reduce J, by as large an amount as possible. However, the power 
required to obtain this reduction depends on the motion of the flaps. Adaptive mate- 
rials which are used in the practical implementation of the actively controlled flap 
(ACF) are limited in their force and stroke producing capability, leading to fairly 
small angular displacements. From a control perspective, this leads to saturation, 
which introduces serious problems for vibration control. Therefore, it is essential to 
limit flap deflections to practically achievable limits. Cribbs and Friedmann [3] have 
shown that intuitive limits such as scaling or clipping of the optimal control deflec- 
tion to a given maximum value cause severe degradation in the vibration reduction 
effectiveness of the ACF system. It was also shown that, by modifying the weighting 
of the control effort, the flap deflection could be limited to a desired value without any 
significant degradation in performance. Hence, we define a flap deflection objective 
function Jp as follows: 


ra. + OF a T 87 ac T O 4, T us T s , (3.3) 
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where n is the number of flaps and the flap deflection harmonics are in radians. 
Simultaneous minimization of J, and J; is highly desirable. It is unlikely that the 
two objectives would be minimized by the same design variable choices. Hence, 
some trade-off between the criteria is needed to ensure a satisfactory solution, which 
brings us to the subject of multicriteria optimization. 

A vector is said to be Pareto optimal if it is impossible to minimize any objective 
without allowing an increase in the other objectives. Typically, there is an entire 
curve or surface of Pareto points, whose shape indicates the nature of the trade- 
off between different objectives, which in our case are J, and Jf. Combining the 
multiple objectives into one scalar objective whose solution is a Pareto optimal point 
for the original problem can often solve the multi-objective problem. In the present 
chapter, the standard technique of minimizing a positively weighted convex sum of 
the objectives is followed, that is, 


Minimize J;(X) = w,J,(X) -- wyJy(X) and w, +wp = 1.0 
X = | Op 35)0; 395 0/4250] 495 0/563 0195 | 5-1 = 1 ton, 
(3.4) 


where J; is the total objective function and w, and wy; are scalar weighting factors. 
The design variables are the 3/rev, 4/rev, and 5/rev harmonics of the flaps. Therefore, 
for one flap there are six design variables, for two flaps there are twelve design 
variables, and for four flaps there are twenty four design variables. A gradient-based 
optimization technique is used to minimize J;. The gradients are calculated using 
the forward finite-difference method. 

By minimizing convex sums of the objectives for various settings of the convex 
weights, we can generate various points in the Pareto set. Although computation- 
ally more expensive, this approach gives an idea of the shape of the Pareto surface 
and provides the user with more information about the trade-off among the various 
objectives. 


3.3 Numerical Results 


Numerical results are obtained for a 4-bladed, soft-inplane, uniform hingeless rotor 
similar to the BO105 rotor. The baseline helicopter rotor properties are shown in 
Table 3.1. A flap chord ratio of 0.20 is chosen in this book. The rotor blade is divided 
into five, six, and eight beam finite elements for cases (a), (b), and (c), respectively. 
Figure 3.1 shows the location of the beam finite elements for a rotor with four trailing- 
edge flaps. The blade tip (outer 20 96) is divided into four finite elements in this case. 
In cases (a) and (b), the blade tip (outer 20 %) is represented by one and two finite 
elements, respectively. Ten modes (four flap, four lag, and two torsion) are used for 
the trim analysis. The blade steady response is calculated by dividing the azimuth 
into six time elements with a fifth-order polynomial distribution within each time 
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Table 3.1 Baseline rotor properties 
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Number of blades 4 
c/R 0.055 
Solidity, o 0.07 
Lock number, y 5.20 
Cr /o 0.07 
Blade pretwist 0.0 
Precone, Bp 0.0 
E1,/moQ? R* 0.0108 
EI. /moQ? R* 0.0268 
GJ /moQ? R^ 0.00615 
mg (kg/m) 6.46 
2 (rpm) 383 
R (m) 4.94 
20% 
— 20% jns 
Ll 9 —T MÓ- 20% (5% each) 
6 Docs r 


Fig. 3.1 Schematic diagram of a discretized rotor blade with four trailing-edge flaps 


element. Results are obtained at a forward speed corresponding to u = 0.30 and a 
Cr/o of 0.07. 

Figure 3.2 shows the Pareto optimal curves for the three cases considered. In 
all three cases, the maximum vibration reduction possible (by setting w, — 1 and 
Wy = 0) was around 72% from the baseline value. This corresponds to a J, value 
of 0.0182 as against a baseline value of 0.0655. The corresponding values of J+ for 
one, two, and four flaps are 0.0328, 0.0260, and 0.0238, respectively. It is observed 
that multiple flaps require much lower control effort as compared to a single flap 
for obtaining the similar reductions in vibration (Fig. 3.3). We also realize that with 
the same available control deflection power, multiple trailing-edge flaps yield more 
reduction in vibration as compared to a single flap. Figure3.2 also indicates that 
considerable reduction in control effort is obtained when the number of flaps is 
increased from one to two, whereas increasing the number of flaps from two to four 
yields only marginal reduction in control effort. This is an important result with 
practical ramifications. 

Now consider only case (c), where the rotor has four trailing-edge flaps. The values 
of J, and Jp for the (w, = 1 and wy = 0) case are 0.0182 and 0.0238, respectively. 
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Fig. 3.2 Pareto optimal curve for one, two, and four flaps 
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Fig. 3.3 Comparison of flap harmonics for rotor with one, two, and four flaps (vibration minimiza- 


tion only) 
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Now by setting w, = 0.5 and wy = 0.5, that is, by giving equal weights to both 
vibration reduction and flap control effort, we obtain another point in the Pareto 
optimal curve. This corresponds to a J, value of 0.0239 and Jy value of 0.0159. The 
vibration reduction is thus 63 % from the baseline value of 0.0655. Now, by setting 
w, = 0.35 and wy = 0.65, that is, by giving more weight to flap control effort than 
vibration reduction, we obtain yet another point in the Pareto optimal curve. This 
corresponds to a J, value of 0.0465 and J+ value of 0.0056. In this case, we obtain 
a vibration reduction of 29% from the baseline value of 0.0655. The above result 
indicates that it is possible to achieve significant reduction in the control deflections 
of the flaps compared to the (w, = 1 and wy = 0) case by settling for somewhat 
lower vibration reduction than obtained before. 

The reduction in hub vibratory loads obtained here is due to the creation of new 
higher harmonic loads by the application of the control law in Eq. 3.1 to the trailing- 
edge flaps. Due to the change in the blade loads, there is some change in the blade 
response. The elastic twist or torsion response at the blade tip for a blade with four 
trailing-edge flaps is shown in Fig. 3.4. The changes in tip axial, flap, and lag response 
are insignificant and hence not shown. There is a difference in the blade tip torsion 
response between the three cases shown. Figure3.5 shows that, as the number of 
flaps is increased gradually from one to four, the blade response at the tip steadily 
becomes invariant. This indicates that for a given total span of flaps, rotor blades 
with more than four flaps are not likely to yield better performance. This can also be 
Observed from the Pareto optimal curve in Fig.3.2. 
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Fig. 3.4 Blade tip torsion response versus azimuth for rotor blade with four trailing-edge flaps 
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Fig.3.5 Blade tip torsion response versus azimuth for rotor blade with vibration minimization only 
(wy = 1 .0) 


Figure 3.6 shows the 4/rev loads at the hub for a rotor with four trailing-edge flaps. 
A comparison between selected points on the Pareto curve is also shown. These points 
correspond to the baseline design (zero flap motion), wr = 0.65, wr = 0.50, and 
wr = 0.0. For the design point corresponding to wr = 0.65, a lower vibration 
reduction is accepted to avoid spending too much control power. It is evident that 
as more and more weight is given for vibration reduction (points wy = 0.5 and 
W y = 0.0), the vibratory hub moments reduce considerably. However, the vibratory 
hub forces increase marginally. This is because the magnitudes of vibratory hub 
moments are higher than that of vibratory hub forces for this configuration, and 
hence they contribute more to J,. We observe from Fig.3.6 that the vibratory hub 
moments are greatly reduced for the optimum design. 

The flap deflection harmonics (in degrees) of a rotor with four trailing-edge flaps 
for three points on the Pareto optimal curve are shown in Fig. 3.7. It is evident that 
the (w, = 1 and wp = 0) case requires the highest control deflection angles among 
the cases shown. From Figs.3.3 and 3.7, it can be observed that the outermost flap 
requires a higher deflection than the rest, indicating that it is the most effective 
flap. The importance of the blade tip region in helicopter rotors is due to the high 
dynamic pressure experienced by that region. From Fig. 3.7, it can also be observed 
that the maximum control angles required by the trailing-edge flaps (--4^) may be 
obtained practically using the current state-of-the-art smart materials along with 
novel amplification mechanisms. The phase difference between the four flaps is 
shown in Fig. 3.8. Studies show that the flaps are more or less in phase. 
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Fig. 3.6 Nondimensional 4/rev hub loads for a rotor with four trailing-edge flaps 
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Fig. 3.7 Flap deflection harmonics for a rotor with four flaps 
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Fig. 3.8 Phase difference between the four flaps for w, = 1.0 and u = 0.30 
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Fig. 3.9 Performance of flaps at different forward speeds, w, = 1.0 


The optimization study was performed at two more forward speeds, corresponding 
to advance ratios of 0.15 and 0.22. Figure 3.9 shows the percentage reduction in 
vibration and the corresponding value of the flap deflection objective function at the 
optima for three different forward speeds. Figure3.9 indicates that multiple flaps 
perform better than a single flap even at lower advance ratios. 
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3.4 Summary 


In this chapter, we investigate the effect of multiple trailing-edge flaps at the blade 
tip for a 4-bladed, soft-inplane, hingeless rotor. Flap deflections are modeled by 
changing the aerodynamic properties at the blade section. All flaps are deflected 
at 3/rev, 4/rev, and 5/rev harmonics in the rotating reference frame. Compared to 
the baseline (zero flap motion) case, a reduction of over 72% is obtained in the 
vibration cost function comprising vibratory hub loads. By converting the constraints 
on the flap deflection amplitudes to a flap deflection objective function, a multicriteria 
optimization study has been performed. The nature of the trade-off between the two 
objectives (vibration and flap deflection) was obtained by plotting the Pareto optimal 
curves for rotor blades with single, two, and four flaps. Numerical results show that 
multiple flaps require much lesser flap deflection angles as compared to a single flap 
for obtaining the same reduction in vibration and hence require lesser control effort. 
They also demonstrate that it is possible to achieve significant reduction in the control 
deflections of the flaps by settling for somewhat lower vibration reduction. It is also 
shown that rotor blade tips with more than four trailing-edge flaps are unlikely to 
yield better performance than four trailing-edge flaps. In fact, dual flaps provide a 
good level of vibration reduction without the additional complication of four flaps. 
Multiple trailing-edge flaps appear attractive for helicopter vibration reduction, since 
it is easier and economical to move several small trailing-edge devices than one large 
device. In the remaining chapters of this book, we will focus on single and dual 
trailing-edge flaps for helicopter vibration control. 
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Chapter 4 
Flap Configuration and Control Law 


Preliminary results obtained in Chap. 3 indicate that multiple trailing-edge flaps have 
great potential in helicopter vibration control. However, the aerodynamic model used 
in that chapter did not include the unsteady effects due to the motion of trailing- 
edge flaps. Also, the effects of the rotor wake were captured using a simple linear 
inflow model. In this chapter, a two-dimensional unsteady aerodynamic model for 
a flapped airfoil in compressible, subsonic flow is used to calculate the incremental 
aerodynamic loads due to flap motion. The free wake model described is utilized 
to obtain the inflow distribution over the rotor disk. Also, in this chapter, a control 
algorithm based on optimal control theory is used to determine the flap control 
input. Sections 4.1 and 4.2 give brief description of the flap inertial and aerodynamic 
load calculations. The flap control algorithm is explained in Sect. 4.3. Section 4.4 
provides a comparison of differential versus uniform weighting method. The effect 
of trailing-edge flap motion on the blade motion is discussed in Sect. 4.5 and its effect 
on the optimal location of flaps is examined in Sect. 4.6. In Sect. 4.7, trailing-edge 
flap actuation power is explained. Section 4.8 explains trailing-edge flap hinge loads. 
Section 4.9 considers the performance of the multiple-flap system in the event of 
failure of one or more flaps. Section 4.10 gives the summary of this chapter. 


4.1 Flap Inertial Loads 


The leading edge of the flap is attached to the trailing-edge of the blade through a 
hinge mechanism. The flap properties are assumed to be symmetrical with respect to 
its major principal axes and uniform along the span-wise direction. The trailing-edge 
flap has a chord length of c ; and a span of / ;. The flap sectional mass per unit length 
is mf and the first and second mass moments per unit span about the hinge are S ; and 
I, respectively. Also, it is assumed that the trailing-edge flap structural properties 
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are lumped into the properties of the blade itself. The motion of the trailing-edge 
flaps is prescribed. Therefore, there are no additional degrees of freedom for the 
trailing-edge flap. The effects of the flaps are represented in the blade equations of 
motion as incremental contributions to the nonlinear load vector. 

Several coordinate systems are defined for describing the motions of blades and 
active trailing-edge flaps. All coordinate systems are rectangular and right-handed. 
The following subscripts are used to indicate the reference frame for any vector. 


‘R’ - Hub rotating coordinate system 

‘U’ - Undeformed blade coordinate system 
‘T - Local undeformed coordinate system 
‘D’ - Blade deformed coordinate system 
‘h’ - Hinge coordinate system 

‘f’ - Flap coordinate system 


The ‘R’ coordinate system is a rotating Cartesian system with its origin at the hub 
center and rotates with an angular velocity $2. The ‘U’ system also rotates with the 
blades and is defined as the ‘R’ system rotated by about jn by the blade precone angle, 
pp. This is the coordinate system in which the blade deformations and sectional loads 
are defined. The ‘L’ system is a blade-attached coordinate system with its origin at 
an arbitrary point P with the blade span location of x = r/R. The ‘L’ system has unit 
vectors identical to the ‘U’ system but with the origin at P. The deformed blade is 
characterized by the ‘D’ system. The ‘h’ system has its origin on the trailing-edge 
flap hinge line with an offset d to the blade elastic axis (Fig. 4.1). The unit vectors in 
the ‘h’ system are parallel to the *D' system. The ‘f’ system is used to describe the 
motion of trailing-edge flap. The ‘f’ system is fixed to the trailing-edge flap and is 
essentially the ‘h’ system rotated about the hinge line by the flap deflection angle 6 
(Fig. 4.1). 

The position vector of an elemental mass, dm ;, on the trailing-edge flap can be 
expressed in the ‘U’ coordinate system as py via several coordinate transformations. 
This position vector, py, is used in the formulation of the flap inertial loads. Based 
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on the Coriolis theorem, the acceleration of the elemental mass on the flap is derived 
in the ‘U’ coordinate system. 


Ql 


= Q x py +22 x py -- Q x Q x py + Dy. (4.1) 


The acceleration of the elemental mass on the flap can be written in the ‘U’ 
coordinate system as 
à = ayyly + ayyju + auzky. (4.2) 


If the hub is assumed to have no acceleration and the blade rotational speed, Q, 


is assumed to be constant, then Q x pu and DU can be dropped in Eq.4.1. From 
Newton's second law, the sectional inertial forces associated with a trailing-edge 
flap can be obtained by integrating the elemental contributions over the flap cross 
section. 


^ 


ly 
[Li Li Ly) ae -| fs dm ;. (4.3) 
ky 


The trailing-edge flap’s inertial contributions to the sectional moments about the 
deformed elastic axis are calculated using 


iv 
[m MË My | jue - | | žo x üdm;. (4.4) 
ky 


In this book, only plain flaps are considered and hence the terms independent of 
trailing-edge flap motion in Eqs. 4.3 and 4.4 are already included in the blade inertial 
loads. Therefore, only terms associated with trailing-edge flap deflections (8, 5 and 
8) need to be considered as the flap inertial contributions. The inertial contribution 
to the trailing-edge flap hinge moment is calculated as 


Mı = -Jj (Dn X à) ES dm f. (4.5) 


4.2 Flap Aerodynamic Loads 


The unsteady aerodynamic loads generated due to trailing-edge flap motion are cal- 
culated using the formulation developed by Hariharan and Leishman [1]. This formu- 
lation is based on indicial concepts and is applicable to thin airfoils with trailing-edge 
flaps in subsonic compressible flow. This formulation has two main advantages over 
the classical Theodorsen's theory [2, 3]. Theodorsen's approach gives a solution to 
the unsteady airloads on a 2-d harmonically oscillating airfoil (with a control sur- 
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Fig. 4.2 A thin airfoil with trailing-edge flap 


face) in inviscid, incompressible flow, and subject to small disturbance assumptions 
(Fig.4.2). The present approach is formulated in time domain and hence capable 
of calculating unsteady airloads due to arbitrary motion of the flap. If the indicial 
lift/moment response is known, then the unsteady loads due to arbitrary changes in 
flap deflection can be obtained through the superposition of indicial aerodynamic 
responses using the Duhamel integral. Also, Theodorsen's theory is applicable only 
for incompressible flow, while the current approach works well in subsonic com- 
pressible flow regime. 

Leishman classified the unsteady aerodynamic loads acting on an oscillating air- 
foil as circulatory and non-circulatory. The non-circulatory loads result from flow 
acceleration effects and are sometimes referred as impulsive loads. The circulatory 
loads arise from the creation of circulation about the airfoil and capture the effect of 
the shed wake. The total airloads acting on the airfoil is found by linear superposi- 
tion of these two effects. In incompressible flow, non-circulatory loads acting on the 
airfoil are proportional to the instantaneous flap position since they are related to the 
propagation and reflection of wave disturbances. The circulatory loads, which include 
the effect of shed wake, have time-history effects and lag the excitation by a finite 
value. However, in subsonic compressible flow, both circulatory and non-circulatory 
loads have time-history effects. 

In compressible flow, the initial loading on the airfoil after an indicial (step) input 
comprises a pressure wave system with a compression wave on one surface of the 
airfoil and an expansion wave on the other. This initial pressure loading on the surface 
can be computed directly using piston theory, which is a local wave equation solution 
for the unsteady airloads. The piston theory gives a result valid for any Mach number, 
M, but only at the instant after the perturbation has been applied (s = 0). Here, s is 
the distance traveled by the airfoil in semi-chords (5). For indicial flap motion about 
a hinge located at a distance eb aft of midchord location (Fig. 4.2), the normal force 
at s = O from piston theory are 


ACy,(s = 0, M) = [2(1 — e)/M] Aô, (4.6) 
ACy,(s = 0, M) = [(1 — e) /2M | AGc/ V). 
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The final values (s = oo) of the indicial response are given by the linearized subsonic 
theory. 


2 Fio 
ACy,(s = 00, M) = = As, (4.7) 


Fil o e 
ACy,(s = œ, M) = 28 A (óc / V), 


where Fio and Fi; are coefficients defined by Theodorsen. Immediately after the 
perturbation, the non-circulatory effects dominate the loading, while the final steady- 
state conditions are dominated by circulatory loading. The intermediate indicial 
behavior between s = 0 and s = œ is written as 


2(1 — e) ; 2 Fio 
ACy,(s, M, e) = [OS (s, M) 4- oN (ss M) ^ô, (4.8) 
eea | ER 9 ge icu aT 
vG. =| XE -e 6 + 3g Gs | (àc] V). 


where the indicial response functions PN,» ON,» Oy, and y, represent the interme- 
diate behavior of the indicial normal force between s = 0 and s = ov. The indicial 
functions can be approximated as 


N 
oy, = Oy, —1— > Arexp(—bif^s), DA; =1, bi-0, — (49) 


iex] 


—s 
Py, = exp Iz (M. 5 . 


The coefficients A; and b; are determined using experimental measurements in 
frequency domain. Also, P is the Glauert compressibility factor and the £^ term 
used in the indicial function reflects the effects of compressibility on the circula- 
tory lift. The non-circulatory time constant, I is evaluated using exact solutions 
for the indicial response in conjunction with aerodynamic reverse flow theorems. 
Equations 4.8 and 4.9 are substituted in Duhamel's integral to determine the normal 
force acting on the airfoil resulting from arbitrary flap motion. The airfoil pitching 
moment and hinge moment resulting from indicial flap deflection and flap rate are 
derived using a similar approach. 
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4.3 Flap Control Algorithm 


In this chapter, all trailing-edge flaps are deflected at 2/rev, 3/rev, 4/rev, and 5/rev 
harmonics in the rotating reference frame. 


iCY) = 8 cos(2y) + à? sinQy) + 8 cos(3y) + siny) 
+ 5cos(4y) + 8Psin(4y) + o;^cos(5y) + ó?sin(5y). (4.10) 


The unknown flap harmonics are determined based on optimal control theory. 
Since the objective function used in Chap. 3 is not a quadratic form, it is not amenable 
to the direct application of optimal control theory. Therefore, a control law developed 
by Johnson is used in this chapter [4]. The periodic nature of the helicopter blade 
response in steady forward flight allows the transformation of the control problem 
from time domain to frequency domain. For a helicopter rotor with 4 blades, an 
important source of vibration is the 4 Q hub forces and moments transmitted by the 
rotor to the fuselage. The control algorithm, hence, is based on the minimization of 
the following quadratic cost functional: 


Nf 
J =Z"WzZ+ *_ fuu. (4.11) 
i=l 


Here, Z is a vector containing the 482 component of the three hub shears and 
three hub moments, u; is the control input vector containing cosine and sine higher 
harmonics of the ith flap, and N; is the number of flaps in one rotor blade. The 
diagonal matrix Wz is a weighting matrix for hub vibratory loads. The first term in 
the above equation is a scalar quantity that is purely related to the magnitude of the 
hub vibratory loads and is a measure of hub vibration. The subsequent terms weight 
the control effort of each of the Np flaps. 
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The nondimensional weighting parameter o can be adjusted to give more impor- 
tance to reduce either hub moments or hub shears. By setting o equal to zero, the 
controller can be made to minimize only the 4/rev hub moments without regard to 
4/rev hub shears. If o is set to unity, then the controller tries to minimize 4/rev hub 
shears only. A value of a = 0.5 is used in this chapter which means that all hub 
loads are weighted equally. The nondimensional weighting parameters p; can also 
be changed to establish the relative importance of hub loads (Z) versus flap motions 
(uj) in the cost function J. When f; = 0, the controller tries to minimize hub loads 
without regard to the motion of the ith trailing-edge flap. As f; increases toward 
unity, the controller will try to reduce the motion of the ith trailing-edge flap to zero. 
A simple and efficient open-loop global controller is used to determine the optimal 
flap control input harmonics. The entire range of control input is presumed to be 
linear. Taylor series expansion about zero control input gives 


Nf 
Z = Zo + > Tiu; (4.13) 
i=l 


where T; is the transfer matrix that relates the system response to the motion of 
ith trailing-edge flap. This transfer matrix is assumed to be constant over the entire 
range of the control input and hence is calculated only once by perturbing the control 
harmonics individually around zero control inputs. Zọ is the vibratory load vector 
at zero control inputs. Equation 4.13 is substituted into Eq. 4.11 and the following 
condition is applied for optimality: 





=0, i=I1toNy. (4.14) 


This yields the following set of linear equations which when solved yield the 
optimal flap control input harmonics 


Ny Ny Nf 


1— > Bi | | Zo Ti+ $ uT; T; | + biu" = 0, fori = 1 to Ny. (4.15) 
i=l j=l i=l 


In this chapter, the values of 6; are adjusted such that each flap is utilized to full 
authority (054, = 2 degrees) [5]. Since each flap is weighted to a different extent, this 
method will be referred to as the differential weighting method. Figure 4.3 shows the 
steps involved in determining the weighting parameters f; of all flaps. As seen from 
Fig.4.3, the weighting parameter f; is dynamically adjusted to keep the maximum 
deflection of the ith flap within saturation limits. If the peak deflection of the ith flap 
is less than the saturation limit, the algorithm automatically decreases the weighting 
of its control effort. On the other hand, if the peak deflection of the ith flap is 
more than the saturation limit, the algorithm automatically increases the weighting 
of its control effort in the next iteration. An initial guess for 6; is used to start the 
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algorithm. It is worth noting that this method to determine the appropriate weighting 
parameters (;'s) is numerically efficient and computationally inexpensive compared 
to the actual helicopter aeroelastic analysis. In earlier studies using multiple flaps, 
all flaps were weighted equally and the saturation limit was imposed on the flap 
with maximum deflection. Hence, we shall refer to it as uniform weighting method 
(Fig.4.4). The drawback of this method is that, typically, only one flap among the 
multiple flaps is exploited to full authority. The other flap(s) are under-utilized and 
hence lead to inferior performance as compared to the differential weighting method. 
The properties of the trailing-edge flap are given in Table4.1. The flap hinge is 
assumed to coincide with its leading edge. To avoid effects due to strong tip vortices 
and blade-tip shape effects, the flaps are placed away from the rotor blade tip. Spacing 
between the flaps is introduced to reduce inter-flap aerodynamic interaction. 
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Table 4.1 Trailing-edge flap cp [c 0.20 
properties 
m ¢/mo 0.10 
X; [cy 0.20 





4.4 Differential Versus Uniform Weighting Method 


Initially, a rotor with three small trailing-edge flaps is considered to demonstrate 
the advantage of differential weighting method over uniform weighting method 
(Fig.4.5). Each flap spans 4% of the blade span, centered at about 86, 78, and 
70% blade span location. Figure4.6 compares the vibration reduction achieved at 
two different flight conditions through uniform weighting and differential weighting 
of the flap control effort. Numerical studies are conducted at both high (u = 0.30) 
and low-speed (u = 0.10) flight conditions. At u = 0.30, the differential weighting 
method gave 68 % reduction in hub vibration as against 57% reduction obtained 
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through uniform weighting method. At u = 0.10, differential weighting and uni- 
form weighting methods gave 49 and 38 % reduction in hub vibrations, respectively. 
It is seen that there is considerable improvement in performance when every flap is 
allowed to work to its full authority. 

Figures 4.7 and 4.8 show the motion history of all three flaps at u = 0.30 under 
uniform and differential weighting methods, respectively. In the uniformly weighted 
case, only the inboard flap is utilized to full stroke. The peak deflections of the middle 
and outboard flaps are 1.2 and 0.7 degrees, respectively. However, in the differen- 
tially weighted case, all three flaps are completely utilized with a peak deflection 
of 2 degrees, resulting in better performance in terms of hub vibration reduction. 
Figures 4.9 and 4.10 show the motion history of all flaps at u = 0.10. Similar con- 
clusions can be drawn under this low-speed flight condition with only the inboard 
flap getting completely exploited under uniform weighting and all three flaps being 
completely used when differentially weighted. It is clear that differential weighting 
method performs better than uniform weighting method. All subsequent studies are 
conducted using the differential weighting method. 
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Fig. 4.7 Flap motion history 
for uniform weighting case, 
u = 0.30 


Fig. 4.8 Flap motion history 
for differential weighting 
case, u = 0.30 


Fig. 4.9 Flap motion history 
for uniform weighting case, 
pu = 0.10 
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4.5 Flap Location Studies Based on Modes 


The span-wise location of the trailing-edge flaps can have considerable influence on 
the level of vibration reduction obtained. First, a single trailing-edge flap is used to 
study the effect of radial flap location. This flap spans 4 ?6 of the blade span and its 
radial location is varied between 66 and 90% blade span location. To understand 
the effect of trailing-edge flap motion on blade motion, we define the following 


parameters: 
27 
Mi, = / [mis QT dv. 
0 


Mi 


= (4.16) 

Here, m;,(y) is the modal participation factor of the ith natural mode of the 
rotor blade at azimuth y under baseline conditions (no flap motion) and m;,.(w) is 
the modal participation factor of the ith natural mode of the rotor blade at azimuth 
w when the flap is actuated to obtain maximum reduction in hub vibration. Mj; 
represents the extent to which the ith natural mode contributes to blade motion under 
baseline conditions. D; represents the extent to which the actuation of trailing-edge 
flap affects the contribution of the ith natural mode to blade motion. It is seen from 
Fig.4.11 that the natural modes that contribute most to blade motion are first flap 
bending mode, first lag bending mode, first torsion mode, and second flap bending 
mode. Of these four dominant modes, only the first torsion mode and second flap 
bending mode are sufficiently affected by trailing-edge flap motion (see Figs. 4.12 
and 4.13). As the location of the flap shifts toward the blade tip, its effect on the 
first torsion mode increases monotonically. However, the effect of trailing-edge flap 


4.5 Flap Location Studies Based on Modes 93 

















Fig. 4.11 Contribution of 0.7 
natural modes to blade 
motion under baseline 0.6 
conditions 
0.5 
0.4 
2 
= 
0.3 
0.2 
0.1 
0 
1st Lag istFlap | 2ndFlap 2ndLag istTorsion 3rd Flap 
Fig. 4.12 Effect of 0.35 
trailing-edge flap motion on — Te M oo 
the four dominant modes; 0.3 
u = 0.30 
0.25 C] 0.86R 
0.2 
c 
0.15 
0.1 
0.05 








1st Lag 1st Flap 2nd Flap 1st Torsion 


motion on the second flap bending mode is least when the flap is located near the 
node of that mode (79 96 blade radial location). Figure 4.14 shows the reduction in 
hub vibration versus the radial location of the small single trailing-edge flap. It is 
clear that the flap is least effective when it is located near the node of the second flap 
bending mode. Furthermore, there is a direct correlation between the reduction in 
hub vibration and the extent to which the contribution of second flap bending mode 
is affected due to trailing-edge flap motion. The effect of trailing-edge flap motion 
on the contribution of first blade torsion mode does not seem to affect the extent of 
hub vibration reduction. 
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Using the results from the above study, we now try to place single (12 % span), dual 
(6 % span each), and three (4% span each) flaps between 64 and 92 % blade radial 
location to achieve the best performance in terms of hub vibration reduction. It can be 
seen from Fig. 4.14 that there is a gradual decrease in the vibration reduction achieved 
as the small flap is moved from inboard toward the node of the second flap bending 
mode. Moving the flap further outboard toward the tip away from the node results 
in a rapid rise in the effectiveness of the flap in terms of hub vibration reduction. It 
is therefore desirable to place the large single flap into the inboard region and away 
from the node of the second flap bending mode to achieve its best performance. In 
the dual-flap configuration, the participation of the second flap bending mode can be 
most affected by placing each flap away from the node on either side and actuating 
them in an out-of-phase manner. However, one should note that in the dual-flap 
case, the inboard and outboard flaps (of equal span) produce generalized forces of 
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Fig. 4.15 Optimum location of single, dual, and multiple flaps from parametric studies 


different magnitudes (for the same deflection) due to their location in lower and higher 
dynamic pressure region, respectively. This disadvantage can be ameliorated using 
the three-/multiple-flap configurations. Here too it is advantageous to place flaps on 
either side of the node of the second flap bending mode but to compensate for the 
lower dynamic pressure on the inboard region, two small flaps are placed inboard of 
the node and one flap is placed outboard of it to achieve optimal performance. The 
optimal locations of the flaps in single-, dual-, and multiple-flap configurations are 
shown in Fig.4.15. We should point out that the final flap locations were obtained 
using a combination of the physics-based reasoning discussed above and extensive 
numerical experiments simulating an exhaustive search. In Chap. 6, we will look 
at other more formal approaches based on optimization for finding the best flap 
locations using optimization methods. 


4.6 Physics Behind Modal Location of Flaps 


Table 4.2 shows the reduction in hub vibration achieved in the each of the cases shown 
in Fig. 4.15. It is seen that all three configurations are equally effective at high-speed 
forward flight. However, at the low-speed flight condition, dual and multiple flaps 
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Table 4.2. Performance comparison of single-, dual-, and multiple-flap configurations 


Flap configuration Dond flap bending mode 
i= 0.0 


perform better than the single-flap configuration. This is because dual and multiple 
flaps have more flexibility in changing blade load distributions as compared to a single 
flap. Table 4.2 also shows that the dual- and multiple-flap configurations affect the 
contribution of the second flap bending mode considerably more than the single-flap 
configuration. In dual- and multiple-flap configurations, this is achieved by placing 
the flaps on either side of the node of second flap bending mode and actuating them 
out-of-phase. However, the single-flap configuration cannot exploit this advantage, 
and hence does not perform as well as the dual- and multiple-flap configurations. 
Since the low-speed transition flight regime has high vibration levels, the use of 
multiple flaps is advantageous to reduce vibration in this regime. Figure 4.16 shows 
the motion of all flaps in the multiple-flap cases at high-speed forward flight. The 
middle and inboard flaps which are in the lower dynamic pressure region have similar 
motion trends across the azimuth. The outboard flap, however, is almost out-of-phase 
with the middle and inboard flap. 
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4.7 Trailing-Edge Flap Actuation Power 


The mean power required by the trailing-edge flap (single blade) is obtained by 
integrating the product of the hinge moment and flap deflection rate over one rotor 
revolution. 


1 27 : 
P,2—-— | M,ddvy. (4.17) 
20 0 


The flap power required may change sign over some portions of the azimuth. As 
the actuator will generally not be able to transfer this power back to the flap actuation 
power supply, the negative power is neglected. Therefore, the actuation power of the 
flap system is 

] J~” : 
I e max(—M,ô, 0) d y. (4.18) 
27 0 


The power required by the trailing-edge flap is an important parameter which 
needs to be considered for practical implementation. Figures4.17 and 4.18 show 
the mean and maximum (instantaneous) powers required to drive the flaps at high- 
and low-speed forward flight conditions, respectively. In high-speed forward flight, 
the mean power required by each of the dual flaps is about two-thirds of the power 
required to drive a single large flap. However, in multiple-flap configurations, each 
small flap requires approximately one-third of the power required to drive a sin- 
gle flap. In low-speed flight regime, the inboard flap in the dual-flap configuration 
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Fig. 4.17 Mean and maximum flap control power; u = 0.30 
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Fig. 4.18 Mean and maximum flap control power; u = 0.10 


requires considerably more power than the outboard flap. However, each flap in the 
multiple-flap configurations requires almost the same power (around one-third of 
the power required by a single flap) which is desirable in terms of workload sharing 
between the flaps. Smart material-based actuators used to move the control surfaces 
are restricted in their output. It is therefore desirable to move several small control 
surfaces to achieve vibration reduction than moving a single large control surface. 


4.8 Trailing-Edge Flap Hinge Loads 


Hinge load is an another important parameter for designing trailing-edge flaps. The 
mechanical design of the flap mechanism needs to consider these loads which should 
be as low as possible while providing the required vibration reduction. Figure 4.19 
shows the maximum hinge loads encountered by single-, dual-, and multiple-flap 
configurations at advance ratio of u = 0.30. The maximum hinge moment in the 
multiple-flap configurations is about 25 % less than that encountered in the single- 
flap configuration. However, the maximum hinge moment in the case of dual flaps 
is almost the same as in the single-flap case. 


4.9 Redundancy in Multiple-Flap Configurations 


A key advantage of multiple trailing-edge flaps compared to the single flap lies in 
their redundancy. Thus even if some of the flaps are not functional, the vibration 
control system for the helicopter can still yield considerable vibration reduction. In 
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Fig. 4.19 Maximum flap hinge loads; u = 0.30 


this chapter, itis assumed that the inoperable flap is locked in zero position along with 
the corresponding flaps in other blades. To determine the effect of redundancy with 
three trailing-edge flaps on hub vibration suppression, three cases are considered. 
In each case, the control law obtained using three flaps is used. In case(1), only 
the outboard flap is actuated, while the other two flaps are locked at zero position. 
Vibration reduction of 47 and 36 1s achieved at high- and low-speed flight conditions, 
respectively. In case(2), only the middle flap is actuated which gives 36 and 18% 
reduction in hub vibration at high- and low-speed flight conditions, respectively. In 
case(3), only the inboard flap is actuated which yields 42 and 20 % reduction in hub 
vibration at high- and low-speed flight, respectively. This indicates that outboard flap 
and middle flap are the most and least effective in reducing hub vibration, respectively. 
The outboard flap is the most effective control surface due to high dynamic pressure 
conditions near the blade tip. The middle flap is least effective since it is located very 
near to the node of second flap bending mode (0.79R). However, all the flaps are 
less effective at low-speed flight due to overall lower dynamic pressure conditions. 
These results are summarized in Table4.3. It is clear that considerable vibration 
reduction of 36—47 % at high forward speed and 18-36 % at low forward speed can 
be obtained with only one flap being operational. Therefore, multiple flaps provide 
redundancy and have the features of a fault tolerant system when performing the 
vibration reduction function. Table4.4 shows the performance of the multiple-flap 
configuration in the event of failure of one flap. 
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Table 4.3 Vibration reduction obtained with only one-flap operational 
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Table 4.4 Vibration reduction obtained with two flaps operational 
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4.10 Summary 


The advantages of multiple active trailing-edge flaps for helicopter vibration control 
in forward flight are investigated. Uniform weighting of the trailing-edge flap control 
effort typically leads to complete utilization of only one trailing-edge flap. The other 
flaps are under-utilized leading to inferior performance in terms of hub vibration 
reduction. This drawback is solved by differentially weighting each trailing-edge 
flap so that each flap is used to complete authority without significant additional 
computational effort. Among the various configurations considered, there is a direct 
correlation between the reduction in hub vibration and the extent to which the con- 
tribution of the second flap bending mode (toward blade motion) is affected due to 
trailing-edge flap motion. The effect of trailing-edge flap motion on the contribution 
of first blade torsion mode does not greatly affect the extent of hub vibration reduc- 
tion. Dual- and multiple-flap configurations are capable of altering the contribution 
of second flap bending mode (towards blade motion) more effectively than the sin- 
gle trailing-edge flap configuration. This is achieved by placing one or more flaps 
on either side of the node of the second flap bending mode of the rotor blade and 
actuating them in out-of-phase manner. The actuation power requirements of mul- 
tiple trailing-edge flaps are lower than single large trailing-edge flap. Multiple-flap 
configuration also has the advantage of redundancy over single-flap configuration. It 
is possible to achieve reasonable levels of vibration control even when one or more 
flaps fail during operation. 
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Chapter 5 
Active Flap Controller Evaluation 


The performance of a global and a local controller is studied in this chapter. It is 
well-known that the global controller yields optimal control input in a single step for 
a linear system. For a nonlinear system, however, the global controller gives only 
a suboptimal solution, since the transfer matrices (Ti) are determined only once. 
Section 5.1 provides a comparison of the performance of a global controller with a 
local controller. Section 5.2 presents the control law sensitivity studies. Section 5.3 
explains the noise in hub loads measurements. Section 5.4 gives the summary of this 
chapter. 

Sensitivity is an important aspect of the controller as it describes the robustness 
of the optimal solution and indicates the penalties that may be incurred for waver- 
ing from the optimal solution. It is desirable to have an optimal trajectory of state 
variables which is insensitive to small perturbations in control input and system para- 
meters. This sensitivity is related to the adjoint variables which can be derived from 
Pontryagin's maximum principle [1]. Several other works have studied the perfor- 
mance sensitivity of optimal control systems to system parameter variations [2, 3]. 
In this chapter, it is assumed that a decrease in sensitivity of the system to parameter 
variation is desirable and that a certain amount of increase in the cost function can 
be allowed to achieve this reduction in sensitivity. 


5.1 Performance of Global Controller 


The helicopter aeroelastic problem is inherently nonlinear in nature. However, the 
extent of nonlinear relationship between the flap control inputs and blade response is 
not known a priori. The choice of the controller (local or global) depends on the extent 
of this nonlinearity. The local controller used in this chapter attempts to minimize a 
quadratic cost functional containing the 4/rev hub loads with constraints posed on the 
peak deflection of all flaps. The optimization problem posed above is a constrained 
minimization problem. The unknowns to be determined are the flap harmonics. The 
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method of feasible directions (MFD) is used to determine a feasible direction of 
descent. The gradient of the cost function with respect to the design variables is 
calculated using the forward finite difference method. The optimum step size along 
this direction is then determined using a constrained one-dimensional search like the 
golden section method. The advantage of the local controller is that it is applicable 
to systems that have strong nonlinear properties. However, the implementation of a 
local controller is computationally expensive since gradient calculations need to be 
made repeatedly at every design point using a computationally expensive aeroelastic 
simulation code. 

To compare the performances of the global and local controllers, only the single- 
flap configuration is considered as the local controller becomes computationally 
prohibitive as the number of flaps increases. This is because there are more number of 
unknown variables and constraints in a multiple-flap case and numerically computing 
the gradient at any point in the feasible domain becomes cumbersome and time 
consuming. The single trailing-edge flap is located at 70% radial location and has 
a span of 12% (Fig. 5.1). Both local and global controllers are used to determine 
the optimal flap control inputs. Figures 5.2 and 5.3 show the optimal flap motion 
history obtained at high-speed and low-speed flight, respectively. Though the solution 
obtained using the global and local controllers are different, it is seen that they are 
almost in phase throughout the rotor azimuth. This is because the phase of the trailing- 
edge flap motion with respect to rotor azimuth is critical in determining the extent of 
vibration reduction. The differences between the two controllers occur mostly at the 
retreating side of the blade (180? < y < 360°) where dynamic pressures are less. 
This effect is more pronounced at low-speed flight than at high-speed flight. 

In high-speed forward flight, both controllers yielded about 73 96 reduction in hub 
vibration. In low-speed flight, however, the local controller gave 60 % reduction as 
compared to 51 % reduction by the global controller. Though the global controller 
gives a suboptimal solution to the vibration control problem, it is worth noting here 
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Fig. 5.1 Single- and dual-flap configurations considered in this chapter 
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Fig. 5.3 Comparison of local and global controllers, u = 0.10 


that it requires much lesser computational effort than the local controller. For instance, 
at low-speed flight, the global controller takes about 22 min as compared to 160 min 
taken by the local controller (on a 256 MB RAM computer) to give the optimal 
solution [4]. 
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Though the overall helicopter aeroelastic problem is quite nonlinear, it is seen 
that the relationship between trailing-edge flap input and blade response is only 
mildly nonlinear within the limits, (0,,, = 2°). Hence, the simple and efficient 
global controller is used for further studies in this chapter. The global controller 
when applied to the dual-flap configuration leads to 75 and 62% reduction in hub 
vibration levels at high- and low-speed flight conditions, respectively. 


5.2 Control Law Sensitivity Studies 


In practice, the actual control input for vibration control is not the flap motion in 
itself but the electric field or voltage applied to the smart material-based actuators 
that actuate the trailing-edge flaps. It is often not possible to achieve the desired 
flap motion exactly, due to damping, friction, freeplay, nonlinearity, hysteresis, and 
other factors in the actuator-flap mechanism. This section discusses the sensitivity 
and robustness of the harmonic control law for helicopter vibration reduction. 


5.2.1 Error in Flap Phasing 


The extent of hub vibration reduction achieved depends on the phasing between 
flap motion and rotor azimuth. During the practical implementation of the trailing- 
edge flap concept, the actual flap motion could lead or lag the commanded flap 
motion due to the unmodeled nonlinearity, hysteresis in actuator-flap system, and/or 
actuator-flap dynamics. Figure 5.4 shows the degradation in the performance of the 
vibration control system due to an error in the phasing of trailing-edge flap motion. 
The degradation is fairly symmetric about the optimum phasing angle for both single- 
and dual-flap configurations at both high- and low-speed flight regimes. In high-speed 
forward flight, the degradation in performance is similar for both single- and dual-flap 
configurations. It is seen that an error of 5° in phasing yields about 67 % reduction 
in vibration which is about 6% lower than the optimum solution. However, if the 
actual flap motion leads or lags the optimum/commanded flap motion by 10? in 
phase, the performance of the flap system comes down sharply, resulting in about 
51 ?o reduction in hub vibration. In low-speed flight, dual-flap configuration performs 
better than the single-flap configuration. For the dual-flap configuration, the vibration 
reduction drops from 63 to 45 96 due to an error of 10? in phasing. For the same error, 
the vibration reduction decreases from 52 to 36% for the single-flap configuration. 


5.2.2 Error in Flap Control Inputs 


In this section, the performance degradation of the trailing-edge flap system due to 
perturbation in the optimal flap control input (uj) is studied. It is desirable to have a 
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Fig. 5.4 Performance of the controller with error in flap phasing 


robust control law whose performance does not degrade sharply due to perturbation 
in the optimal flap control input angles, uj. Figure 5.5 shows the minimum vibration 
reduction that could be achieved (worst case scenario) when every component of the 
optimum control input is allowed a maximum perturbation limit of ^. For instance, 
for A = 0.2°, at low-speed flight conditions, hub vibration levels can be reduced 
at the least by 39 and 53% using single- and dual-flap concepts, respectively. It 
is readily seen that the dual-flap configuration is more robust to errors in optimal 
flap control inputs than the single-flap configuration. Furthermore, it is apparent that 
the drop in performance is more severe in high-speed flight as compared to low- 
speed flight condition. For instance, in the dual-flap configuration, for A = 0.3°, the 
performance reduced from 75 to 46 % (a drop of 29 96) under high-speed flight and 
from 63 to 47 96 (a drop of 17 96) under low-speed flight conditions. 


5.2.3 Sensitivity to Plant Parameters 


It is of interest to study the sensitivity of the global controller to system/plant para- 
meters. The elastic rotor blade stiffness and mass are considered as plant parameters. 
The global controller is used to determine the optimal flap control inputs. Figure 5.6 
shows the optimum flap motion history following the stiffness change for the single- 
flap configuration at high-speed flight conditions. The flap motion is almost identical 
in phasing after the stiffness change. However, only 67 and 59 96 reductions in hub 
vibration were achieved for stiffness reductions of 5 and 10%, respectively, com- 
pared to 73 % for the baseline rotor. Figure 5.7 shows the optimum flap motion history 
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Fig. 5.6 Optimal flap control input due to stiffness perturbations, u = 0.30 


following the stiffness change for the single-flap configuration at low-speed flight 
conditions. The optimum flap motion is identical for all the three cases considered. 
In this case, the hub vibration was reduced by 54 and 56% from baseline values, 
for stiffness reductions of 5 and 10 46, respectively, compared to 52 % for the base- 
line rotor. In another study, the mass of the rotor blade was increased by up to 1 %. 
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Fig. 5.7 Optimal flap control input due to stiffness perturbations, u = 0.10 


The optimal flap control input determined using the global controller was found to be 
very insensitive to such small changes in rotor blade mass. The controller is therefore 
quite insensitive to gross changes in rotor plant parameters. 


5.3 Noise in Hub Loads Measurements 


In reality, we cannot measure the vibratory hub loads exactly in wind tunnel or flight 
tests. Hence, it is important to look into the performance of the control strategy 
when the measured hub load data contains noise. Typically, the global controller can 
be developed using tests where the hub loads contain noise. In this chapter, zero- 
mean Gaussian noise was added to the hub loads in the time-domain to simulate 
noisy data. Noise levels of 5 and 10% were considered to check the performance 
of the controller. The gradient transfer matrix (T;) is now numerically calculated in 
the presence of noise and subsequently used by the global controller to obtain the 
optimal flap control inputs. This is in a way equivalent to developing the control 
law from flight tests with noisy data. Both single- and dual-flap configurations were 
considered. To get a statistical measure of the performance of the control law, the 
above operation is repeated with several sets of noisy data. Figures 5.8 and 5.9 show 
the performance of the global controller at different noise levels at high-speed and 
low-speed flight conditions, respectively. The performance of the controller degrades 
sharply in low-speed flight compared to high-speed flight. Both single- and dual-flap 
configurations show promising results in terms of mean percentage reduction in 
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Fig. 5.9 Performance of controller with noisy hubload data, u = 0.10 


vibration in high-speed flight. In low-speed flight, the single-flap case shows an 
average vibration reduction of 49 and 42% with 5 and 10% noise, respectively. 
The dual-flap case shows a mean vibration reduction of 43 and 28% with 5 and 
10% noise, respectively. In the single-flap case, the worst event shows a vibration 
reduction of 30 %, a reduction of about 22 % from the ideal situation. In the dual-flap 
case, the worst case shows a vibration reduction of 11 96, a reduction of about 52 % 
from the ideal situation. 


5.4 Summary 111 


5.4 Summary 


In this chapter, we investigate the performance and sensitivity of the control law 
used for helicopter vibration control using single/multiple trailing-edge flaps. Studies 
show that the global controller performs as well as the local controller in high-speed 
forward flight within the limits considered in this chapter (6,,, = 2°). However, in 
low-speed flight, global controller gives a slightly suboptimal solution to the vibration 
control problem. However, the global controller requires much lesser computational 
effort as compared to the local controller. While helicopter rotor vibration is non- 
linearly related to blade structural properties and other such design variables, the 
relationship to trailing-edge flap control angles is only mildly nonlinear for angles 
in the range of +2° which is typical for flaps actuated with smart materials. Sin- 
gle and dual flaps perform equally well at high-speed forward flight, yielding about 
73 and 75 % reduction in hub vibration. However, at low-speed flight, dual-flap con- 
figuration performs better than single-flap (63 % against 52 % reduction in vibration). 
The phasing of the trailing-edge flap(s) is/are closely linked to the performance of 
the vibration control system. Numerical studies show that the performance is quite 
good upto an error of +5° in phasing from the optimal phase. Also, the degradation 
in performance due to error in phasing is more severe in high-speed flight than in 
low-speed flight. The control law is found to be robust even after small perturbations 
(upto +0.3°) are applied to the flap harmonics. Dual-flap configuration is found to 
be more robust to errors in optimal flap control harmonics than single-flap config- 
uration. The effect of system/plant parameters on the optimal flap motion is also 
studied. The elastic rotor blade stiffness and mass are considered as plant parame- 
ters. It is found that the optimal control inputs are, in general, fairly insensitive to 
small changes in structural stiffness and mass of the rotor blade. The global controller 
used in this chapter performs well in the presence of zero-mean Gaussian noise in 
the measured hub load data. The performance of both single and dual flaps are found 
to be good in the presence of two different noise levels (5 and 10 %). Results indicate 
that dual-flap configuration is more sensitive to noise in hubload data than single-flap 
configuration. 
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Chapter 6 
Trailing-Edge Flap Placement 


The optimal location of flaps for multiple-flap configuration shown in Chap. 4 was 
obtained through parametric studies and the objective was to minimize only the hub 
vibration levels. These trailing-edge flaps are typically operated using piezoceramic 
actuators placed inside the blade section. Typically, the electrical power required to 
drive these actuators is transmitted from the fixed frame to the rotating frame through 
slip rings. It is therefore desirable to keep the trailing-edge flap power requirements 
to a minimum. In this chapter, we aim to determine the optimal locations of dual 
trailing-edge flaps to achieve minimum hub vibration levels in a helicopter while 
incurring low penalty in terms of required trailing-edge flap control power. The 
reduced hub vibration levels and required flap control power are the two objectives 
considered in this chapter and the flap locations along the blade are the design vari- 
ables. A formal multiobjective optimization approach is followed. Response surface 
methodology is used to develop an inexpensive surrogate model of the high-fidelity 
and expensive helicopter aeroelastic analysis. The rest of the chapter is organized 
as follows. Section 6.1 provides a brief introduction to surrogate models. The opti- 
mization problem is posed in Sect. 6.2. Section 6.3 provides a brief explanation of 
the response surface methodology. Numerical results and discussions are provided 
in Sect. 6.4. Section 6.5 gives the summary of this chapter. 


6.1 Surrogate Models 


Integration of high-fidelity, computationally intensive analyses in design optimiza- 
tion problems lead to enormous computational challenges. One approach to reduce 
the computational cost is to develop inexpensive "surrogates" or ^metamodels" of the 
high-fidelity analyses which can replace the expensive models during the design opti- 
mization stage. Simpson et al. [1] gave an excellent survey of metamodeling applica- 
tions in engineering design. Metamodeling techniques have also been widely used in 
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structural and multidisciplinary design optimization. Response surface methodology 
(RSM) and Kriging and Radial basis function method (RBF) are among the most 
popular metamodeling techniques. In RSM, approximations known as response sur- 
faces are created by sampled numerical experiments over the feasible design space. 
Typically, lower order polynomial response surfaces are used to approximate the 
objectives and constraints. The unknown regression coefficients in the response sur- 
faces are determined by the method of least-square error. Once the response surfaces 
are obtained, the optimum design variables can be determined easily, since evalu- 
ating polynomial functions involves very low computational cost. Response surface 
approximations have also been used in reliability-based design optimization prob- 
lems. Kriging is a regression technique originally used in geostatistics to approximate 
or interpolate data. Kriging models are capable of accurately approximating a highly 
nonlinear system by using fewer samples than RSM. However, the computational 
effort required to fit a Kriging model is much greater than RSM, and the interpre- 
tation of Kriging model parameters is not straightforward [2]. Comparative studies 
of various metamodeling methods show that RSM is ideal for small-scale, mildly 
nonlinear problems. 

Response surfaces are known to be global approximations in nature as against 
Taylor series approximations that are local in nature [3]. The low computational cost 
of evaluating response surfaces also allows the use of global search strategies like 
evolutionary algorithms and exhaustive search methods. However, one disadvantage 
of response surface methods is that the computational cost to obtain them grows 
rapidly as the number of design variables increase. This is the so-called “curse of 
dimensionality." 


6.2 Optimization Problem 


The objective of the current chapter is to determine the optimal placement of dual 
trailing-edge flaps to achieve maximum attenuation in hub vibration levels. However, 
it is desirable to achieve this objective with minimum penalty in terms of power 
consumed by the active-flap system. The initial dual-flap configuration and move 
limits are shown in Fig. 6.1. The move limits are the lower and upper bounds of the 
design variables. The blade tip region is not included to avoid 3D flow and blade 
tip shape effects. A saturation limit of +2° is placed on each trailing-edge flap. The 
vibration cost functional due to optimal control input for a given flap configuration 
is denoted by J. The mean actuation power for the complete flap system for a 
N,-bladed rotor with N ; flaps in each rotor blade can be written as 


N an dô; 
P, = — > | max(— Mii —- 0) dw. (6.1) 
0 
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Fig. 6.1 Initial configuration of dual flaps 


The values of J7 and P, are normalized with respect to their corresponding values 
at the initial configuration (Fig. 6.1). These normalized values are denoted by F, and 
F,, respectively. The optimization problem is posed as 


Minimize LES du. 
Subject to: X1-jower X X1 X X1-upper 


X2-lower € X2 € X2—upper - (6.2) 


Itis unlikely that both objectives would be minimized by the same choice of design 
variables. This problem falls under the domain of multiobjective optimization [4]. 
The nature of the trade-off between the two objectives (F, and F,,) depends on the 
shape of the Pareto curve/surface. A solution is said to be Pareto optimal if it is 
impossible to minimize any one objective without allowing an increase in one or 
more of the other objectives. A standard method of finding a Pareto point involves 
the minimization of a scalar objective function obtained by combining the various 
objectives. Typically, the scalar objective is a positively weighted convex sum of the 
individual objectives. However, this method has a few drawbacks. First, a uniform 
distribution of weighting parameters seldom yields a uniform distribution of points 
on the Pareto surface. Often, most points are found clustered in certain parts of the 
Pareto surface. Furthermore, only convex parts of the Pareto surface can be obtained 
using the method of minimizing convex combinations of the individual objectives. 

Another drawback of the weighted function method is the issue of computational 
cost. Optimization has to be performed for different sets of weighting parameters 
to obtain a fair idea of the Pareto surface which is computationally expensive when 
function evaluations involve complex problems such as helicopter aeroelasticity. 
For instance, each evaluation of F, or F, involves calling the helicopter aeroelastic 
code 17 times (16 for the evaluation of transfer matrix T and 1 for determining the 
hub loads due to optimal control input, Z*). Each call to the aeroelastic code takes 
about 170s of CPU time on a 256 MB RAM Pentium-4 computer. This translates 
to 48 min of CPU time for one function evaluation of F, or F,. This prohibits the 
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use of conventional optimization techniques to determine the optimal location of 
trailing-edge flaps. Response surface approximations provide a solution by decou- 
pling the optimization problem from the aeroelastic analysis problem. Once the 
approximate model is constructed, the optimum solution can be determined easily 
since the response surfaces are typically polynomial expressions. 


6.3 Response Surface Methodology 


RSM provides an approximate relationship between the response of a system y and 
the n inputs to the system x (independent variables). Typically smooth analytical 
functions such as polynomials are used for approximations. A lower order smooth 
polynomial response surface removes the spurious minima/maxima while capturing 
the global trend of the response thereby leading to a robust optimal design. For 
instance, a second-order polynomial response surface has the following form: 


f (X) = Ao + > Ai Xi + > > AijXiXj. (6.3) 
i=] 


i=1 j=1 


By appropriate choice of the regression coefficients (Ao, A; and A;;) in the above 
equation, the function f can be made to approximately represent the actual response 
y of the system around a point xo in the design space. One method of determining the 
unknown regression coefficients is by comparing the above equation with the second- 
order Taylor series expansion of the actual system response y around xy. However, 
this method requires the gradient and Hessian information of system response y at 
Xo. The determination of gradient and Hessian in problems involving large computer 
programs like helicopter aeroelastic analysis is a cumbersome and expensive process 
involving the method of finite differences. Also, in such cases, the choice of step-size 
is critical in determining the gradient and Hessian accurately. 

The unknown regression coefficients in Eq.6.3 can also be determined using the 
method of curve-fitting. A second-order response surface as shown in Eq.6.3 has 
[n(n + 1)/2 4- n + 1] regression coefficients. For instance, if n = 2, the second-order 
response surface with six regression coefficients can be written as: 


f Ga, x2) = Ao + Aixi + Aoxa + Aix? + Axx + Az2x5. (6.4) 


To determine the six regression coefficients uniquely, we need to evaluate the 
actual system response at six design points (called data points), at the least. A better 
fit can be constructed by evaluating the system response at more than six data points 
and using the method of least-square error to determine the coefficients. However, 
the computational cost to evaluate the system response at every additional data point 
limits the total number of response observations. In this chapter, a second-order 
response surface is used to approximate the functions F, and F, in terms of the 
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Fig. 6.2 Central composite design for two design variables 


independent variables x, and x» (flap positions). Central composite design (CCD) is 
used for the optimal selection of data points to obtain a high-fidelity response surface 
approximation. This design consists of a center point, encompassed by 4 axial and 
4 factorial data points. Each independent variable is scaled such that each of the 
factorial points lies at the vertex of a unit square with its center at the central data 
point. Also, each axial point lies at a distance œ = 1.414 from the center (Fig. 6.2). 
This choice of axial points ensures that any two design points which are equally 
distant from the center have equally good prediction in response values. Once the 
system response is observed at the nine data points, the regression coefficients can 
be obtained using the method of least-square error as follows: 


y = XA +e, (6.5) 


where y is the vector of observations, X is a matrix of the levels of the independent 
variables, A is a vector of regression coefficients, and e is a vector of error terms. For 
a second-order response surface with six regression coefficients and nine data points 
from CCD, y and e are 9 x 1 vector, X is a 9 x 6 matrix and A is a 6 x 1 vector. 
The regression parameters can be obtained by minimizing the least-squares error as 
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follows: 


9 
L= M e =e’e = (y - XA)’ (y - XA) = y' y - 2ATXT y + ATXTXA. 
i=l 
(6.6) 
To be considered a minimum point, the least-squares estimator must satisfy 


OL 


aad — —2X"y + 2X! XÀ = 0 6.7 
A y+ (6.7) 





A=A 
= X’XA = X'y 
> A = (XTX) 'X’y. 


The fitted regression model is then given by 
y = XA. (6.8) 


The difference between observed output value and fitted value is the residual and 
is given as 


Formal methods of estimating the error in the response surfaces exist. However, 
engineering judgement can often be used to account for the accuracy of the fitted 
model. 


6.4 Numerical Results 


Numerical results are obtained for the four-bladed, uniform hingeless rotor whose 
properties are given in Chap. 3 (Table 3.1). The trailing-edge flap properties are the 
same as considered in Chap. 4 (Table 4.1). Results are obtained at the cruise speed 
corresponding to an advance ratio of u = 0.30 [5]. Plain trailing-edge flaps are 
considered in this chapter where the flap is integrated into the airfoil cross-section 
as shown in Fig.6.3. Each flap spans 6% of the rotor blade span. The numerical 
values for initial configuration and move limits for variables x; and x2 as defined in 
Fig. 6.1 are given in Table 6.1. The inboard and outboard flaps are constrained to be 
placed between 59 to 71 and 77 to 89 % blade span, respectively. The lower limit on 
the inboard flap prevents it from operating in comparatively low dynamic pressure 
region. The outboard flap is prevented from being placed too near the blade tip since 
the flow there is 3D in nature and is dominated by strong tip-vortices whose effect 
on the flap cannot be modeled using 2D aerodynamic models. The midpoint of each 
flap can therefore move one flap span length (6 %R) to the left or right. 
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Fig. 6.3 Rotor with two trailing-edge flaps 


Table 6.1 Initial Physical variable (R) Coded value 
configuration and move 
limits X1—lower —].414 


6.4.1 Response Surface Generation 


The two objective functions F, and F, are evaluated at the data points corresponding 
to the CCD using the helicopter aeroelastic analysis. The response surfaces obtained 
by minimizing the error square are 


F, = 1.000 + 0.0039x, — 0.0657x2 + 0.0199x? + 0.0099x,x» — 0.1039x5, 
F, = 1.000 — 0.0239x, + 0.1161x» — 0.0048x7 + 0.021 1x1x2 — 0.0351x2. 
(6.10) 


Tables6.2 and 6.3 show the comparison of response surface prediction and 
aeroelastic analysis prediction at the nine data points for F, and F,, respectively. It 
can be seen that the response surfaces approximate the actual system output (objec- 
tive functions F, and F,) fairly well (0—4 % error). The mean error of the response 
surfaces predicting F, and F, are 0.001 and 0.04 %, respectively. The standard devi- 
ation in both cases are 1.15 and 2.33 % respectively. Note that for each CCD point, 
the optimal controller is designed to minimize the vibration levels as discussed in 
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Table 6.2 Comparison of response surface prediction and aeroelastic analysis prediction of F, at 
data points 


value value variable (R) | variable (R) | prediction | prediction 


OISIN IDNA tni AININ =e 


Table 6.3 Comparison of response surface prediction and aeroelastic analysis prediction of Fp at 
data points 


NN value variable (R) | variable (R) DEI e DIU 


Olo l uI Icn tni AINAN e 


Sect. 4.3 in Chap. 4. As mentioned earlier, each such evaluation takes about 48 min of 
CPU time and obtaining the response surfaces takes about 7 h of CPU time. However, 
this is far less than if conventional optimization algorithms were used. 


6.4.2 Analysis of Response Surfaces 


The next step is to determine the stationary point of the response surfaces shown in 
Eq. 6.10. The stationary point of a response surface is obtained by setting the gradient 
to zero. A second-order response surface has only one stationary point which could 
fall inside or outside the move limits. The stationary point can either be a global 
maximum, global minimum, or a saddle point. The Hessian matrix containing the 
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second-order derivatives of the objective function with respect to the design variables 
gives the information needed to determine the nature of the stationary point. For 
a second-order response surface, the Hessian is a constant square matrix and its 
eigenvalues are related to the nature of the stationary points. If all eigenvalues are 
positive, then the Hessian is a positive definite and the stationary point is a global 
minimum. If all eigenvalues are negative, the Hessian is negative definite and the 
stationary point is a global maximum. If the eigenvalues are of different signs, the 
Hessian is indefinite and the stationary point is a saddle point. If the stationary point 
is a global minimum and if it falls inside the move limits, then it is the best design 
point for that objective. Otherwise, a constrained optimization has to be performed to 
determine the best design point which satisfies the move limit constraints. Typically, 
this is done using an exhaustive search of the feasible domain since the objective 
function can now be evaluated very quickly using the response surface. 


Best Design Point for Minimum Vibration 


The stationary point for the F, response surface is found to be x; = 0.65 R and 
x2 = 0.82 R. The eigenvalues of the Hessian are à} = —0.208 and Az = 0.040. Since 
the eigenvalues are of different signs, the Hessian is indefinite and the stationary point 
is a saddle point. Figure 6.4 shows the variation of F, with respect to variables x; 
and x2 in coded form. It is clear that the stationary point is a saddle point. The best 
design point for obtaining minimum vibration using exhaustive search is found to be 
xı = 0.63R and x; = 0.89R. At this point, the move limit for x» becomes active. 
At this design point, the response surfaces predict F, — 0.695 and F, — 1.090. 
Numerical results were also obtained by running the aeroelastic analysis at this 
optimal point predicted by the response surfaces. The aeroelastic analysis predicted 
F, = 0.712 and F, = 1.071. This is about 29 % reduction in F, value from the initial 
design point. The response surface is therefore used as a guide to a better design. 
From Fig.6.4 it is apparent that the objective function J, is more sensitive to 
changes in x2 than xı. This is also evident from the coefficients in Eq. 6.10. The 
coefficients relating F, to x2 are at least one order of magnitude higher than those 
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relating F, to x1. It is therefore possible to further reduce F, by moving the outboard 
flap further toward the blade tip. However, the inadequacies of the aerodynamic 
model used to predict the aerodynamic loads acting on the flap in vortex-dominated 
3D flow prevents us from placing the flap too close to the tip. Furthermore, the blade 
tip can have sweepback or planform taper to alleviate compressibility effects and so 
it is best not to consider flaps close to the tip for a generic design study. 


Best Design Point for Minimum Flap Power 


Now the second-order response surface representing F, is considered. The station- 
ary point for this surface is found to be x, = 0.80R and x; = 0.94R which is 
outside the move limits. Also, the eigenvalues of the Hessian are A; = —0.077 and 
à2 = —0.003. Since both eigenvalues are negative, the stationary point is a global 
maximum. Figure 6.5 shows the variation of F, with respect to x; and x». The vari- 
ables shown in the figure are in coded form. The best design point for minimum 
trailing-edge flap power inside the move limits is found using an exhaustive search. 
This point is found to be xı = 0.71R and x2 = 0.77R. The value of F, as pre- 
dicted by the response surface is 0.680. The aeroelastic analysis predicts a value of 
F, = 0.734 at this design point. Also, from Fig. 6.5 it is clear that the trailing-edge 
flap power is dominated by the position of the outboard flap. 


6.4.3 Identification of Best Design Point 


Figures 6.4 and 6.5 indicate that the optimum flap locations to achieve minimum 
vibration levels and minimum trailing-edge flap power are different. For minimum 
vibration, (x1, x2) = (0.63R, 0.89 R) and for minimum flap power, (x1, x?) = 
(0.71 R, 0.77 R). To minimize vibration, the inboard flap is moved further inboard 
from the initial design (0.65R—0.63R). However, for minimizing flap power, the 
inboard flap is moved towards the blade tip (0.65R—0.71R). The outboard flap has 
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to be placed at its upper move limit near the blade tip (0.89R) to achieve minimum 
vibration while to minimize flap power, it has to be placed at its lower move limit 
(0.77R). These two requirements are of conflicting nature. Therefore, it is of inter- 
est to determine a “compromise design” which results in lower vibration levels and 
trailing-edge flap power compared to the initial design. Figure 6.6 is obtained by 
combining Figs. 6.4 and 6.5 and by moving from the design space (x1, x2) to the cri- 
terion space (F,, Fp). Figure6.6 shows the vibration level and flap power resulting 
from various design choices within the move limits. As mentioned earlier, the design 
point F, = F, = 1.0 corresponds to the initial design. The initial design point and 
the points on the Pareto surface are shown in Fig. 6.7. It is interesting to note that the 
Pareto surface is divided into two distinct parts with no feasible design point lying 
in the “compromise region". Thus, the Pareto surface is disjoint. The design point 


Fig. 6.7 Initial design point 
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Fig. 6.8 Initial design and design points A and B 


A corresponds to (x1, x2) = (0.63R, 0.89 R). This is the design point obtained in 
Sect. 6.4.2 by minimization of vibration levels at the hub without consideration to flap 
power consumption. Design point A and other Pareto points in its vicinity (Fig. 6.7) 
yield about 30 % reduction in hub vibration compared to the initial design but at the 
cost of increasing flap power by about 7—10 96 compared to the initial design. Design 
point A is optimal if there exists no constraint on the available trailing-edge flap 
power. Design point B shown in Fig. 6.7 corresponds to (x1, x?) = (0.71 R, 0.77 R) 
as obtained in Sect. 6.4.2. According to response surface predictions, design point 
B and other Pareto points in its vicinity require about 68—75 96 of the flap power 
consumed by the initial design and yet yield about 9—13 96 further reduction in hub 
vibration compared to the initial design. The flap positions for the design points A 
and B and the initial design are shown schematically in Fig. 6.8. 


6.4.4 Performance at Various Forward Speeds 


The above studies were conducted at cruise speed corresponding to an advance 
ratio (u) of 0.30. Figure 6.9 shows the performance of the initial and Pareto optimal 


6.4 Numerical Results 125 




















Fig. 6.9 Performance of S 100 EE inita desi 
initial design and Pareto €? sw | IBI Design point A 
optimal designs at different 99 e0 REM Design point B 
forward speeds m 

S gc 40 

So | 

5 = 20 

> 0 

a 
u 





design configurations (A and B) at different forward speeds. The vibration reductions 
shown are from the baseline conditions (zero flap motion). It is seen that the design 
configuration A yields better vibration reduction at all forward speeds but at the cost 
of higher flap power. However, if sufficient power for the actuators is available, then 
design point A is the best design for vibration reduction. In comparison, design point 
B gives modest reductions in vibration but requires much lesser flap power. It is 
seen that configuration B requires around 27-37 % lower flap power compared to the 
initial design. Design configuration B is an attractive solution when the available flap 
power is constrained due to other practical reasons. The application of optimization 
to the trailing-edge flap placement problem has resulted in the discovery of this 
novel design where substantial vibration reduction is possible with less flap power 
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Fig. 6.10 Time history of flap motion for various design points, u = 0.30 
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requirements. Since flap power is provided through piezoelectric actuators which 
require cumbersome electronics, it is advantageous to have a low power requirement. 
Figure 6.10 shows the time history of flap motion (both outboard and inboard) for 
the initial design and design points A and B. The motion of inboard flap in all the 
three cases is quite close with large deflection in the advancing side of the rotor 
disk (0° < y < 180°). However, there is considerable difference in the motion of 
outboard flap and this flap too shows higher deflection in the advancing side of the 
rotor. This could be due to the higher dynamic pressure on the advancing side of the 
rotor disk. 


6.5 Summary 


An optimal dual trailing-edge flap configuration that consumes low flap power to 
achieve considerable reduction in hub vibration is obtained. The development of 
optimal controller for flap motion is computationally expensive and involves many 
function calls to the aeroelastic analysis, making the use of conventional optimiza- 
tion methods difficult. The second-order polynomial response surfaces are created 
by solving the aeroelastic problem at limited number of data points obtained using 
the CCD. The design variables are the spanwise location of the two flaps and the 
objectives are hub vibration level and required trailing-edge flap power. The response 
surface prediction and aeroelastic prediction differ by at most 2 % for vibration level 
and 4% for flap control power. The use of response surface method significantly 
reduces the computational effort required to determine the optimal flap locations 
compared to if conventional optimization methods were used. The analytical form 
of the polynomial response surfaces are ideally suited for very quick function evalu- 
ations and allow the use of global exhaustive search methods. Minimum hub vibra- 
tion level is obtained when the inboard and outboard flaps are located at 63 and 
89 % spanwise locations, respectively. This configuration leads to 77 % reduction in 
hub vibration from baseline condition (zero flap motion) at cruise speed. However, 
this configuration requires about 7 % more trailing-edge flap power compared to the 
initial design. This configuration yields better reduction in vibration than the initial 
design at other forward speeds too. By adjusting the flap spanwise locations, the 
power consumed by the dual-flap system can be reduced by about 27% from the 
initial design at cruise speed. This configuration corresponds to placing the inboard 
and outboard flaps at 71 and 77 96 spanwise locations, respectively and yields about 
70 % reduction in hub vibration from baseline condition. This is marginally better 
than the initial design configuration which gave 67% reduction in hub vibration. 
The Pareto surface between the two objectives, hub vibration level and flap control 
power, is disjoint. One region is dominated by configurations yielding substantial 
reduction in vibration but at the cost of higher flap actuation power. The other set 
contains configurations that require less flap control power yet leading to marginally 
better reductions in vibration compared to the initial configuration. 
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Chapter 7 
Piezoceramic Actuator Hysteresis 


In this chapter, we aim to investigate the effect of piezoelectric actuator hysteresis 
on helicopter vibration control using trailing-edge flaps. The material and mechan- 
ical hysteresis in the piezoelectric actuator is modeled using the classical Preisach 
model. Experimental data from literature is used to estimate the Preisach distribu- 
tion function. Section 7.1 provides a brief introduction to the classical Preisach model 
and its numerical implementation. A modified flap control algorithm is explained in 
Sect. 7.2. Section 7.3 deals with a comparative study on the performance of an ideal- 
linear actuator and a real-hysteretic actuator. Hysteresis compensation algorithms 
and their performance are discussed in Sect. 7.4. Section 7.5 gives the summary of 
this chapter. 


7.1 Classical Preisach Model 


The Preisach model was originally proposed by the German physicist Preisach as 
a model for magnetic hysteresis [1]. In a pioneering work, Krasnoselskii separated 
Preisach's model from its physical meaning and represented it in a pure mathemat- 
ical form [2]. This model can therefore be used for the mathematical description of 
hysteresis of any physical nature. The Preisach model has several appealing features 
including its ability to model complex hysteresis types, a well defined identifica- 
tion algorithm, and a convenient numerical simulation form. This hysteresis model 
has received considerable attention in the past and has been widely used to describe 
hysteresis in piezoceramic actuators, shape memory alloys and magnetostrictive actu- 
ators. 

The piezo actuator along with the amplification mechanism can be considered 
as a hysteresis transducer (Fig. 7.1), which can be characterized by an input u(y) 
(excitation voltage) and an output ô (W) (flap deflection) [3, 4]. Hysteresis is a type 
of nonlinearity in which the input-output relationship is a multibranch nonlinearity 
for which a branch-to-branch transition occurs after each input extremum (Fig. 7.2). 
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Fig. 7.1 Schematic representation of a hysteresis transducer system 
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Fig. 7.2 Hysteresis multi-branch nonlinearity 


As mentioned before, the classical Preisach model is a ‘static’ hysteresis model. The 
term ‘static’ means that the branches of hysteresis nonlinearities are determined by 
the past extremum values of the input, while the speed of input variation between 
the extremum points has no influence on branching. 

The Preisach model can be described by considering an infinite set of elemental 
hysteresis operators 7,4 and a weighting function (a, B). Figure7.3 shows the 
elemental hysteresis operator (sometimes called hysteron) in the input—output plane. 
The output of each elemental hysteresis operator traces a rectangular loop on the 
input—output diagram switching from —1 to +1 when the input increases above the 
threshold o. The output switches from +1 to —1 when the input decreases below 
the value of p. This operator can be considered as a two-position relay that has 
different up and down switch points. The Preisach model can be represented in the 
following mathematical form: 


(ys) aii a B) Yaglu(V)] da dP. (7.1) 


7.] Classical Preisach Model 131 





Fig. 7.3 Elemental hysteresis operator 
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Fig. 7.4 Block diagram interpretation of the classical Preisach model 


The Preisach model can be visualized as a continuous analog of a system of two- 
position relays connected in parallel (Fig. 7.4). The input u(y) is applied to each of 
the relays. Their individual outputs are multiplied by j4(o, 8) and then integrated 
over all appropriate values of o and f to obtain the output ó(y/). Thus the Preisach 
model is described without any reference to the actual physical nature of hysteresis. 
The weighting function, (o, 6) is characteristic of the hysteresis transducer shown 
in Fig. 7.1 and is sometimes referred to as the Preisach distribution function. If the 
weighting function is known, then Eq. 7.1 can be solved directly by integration. If 
the function u(«, 8) is not known explicitly, then experimental data is needed to 
estimate the weighting function through the geometric interpretation and numerical 
implementation [5]. 

The Preisach model can be geometrically interpreted as follows. This interpreta- 
tion is based on the fact that there is a one-to-one correspondence between operators 
Yap and points (a, 8) on the half plane à > f. At any instant of time y, the lim- 
iting triangle To can be divided into two sets (Fig. 7.5): S* (y/) consisting of points 
(a, B) for which yag[u(V)] = 1 and S^ (y) consisting of points (œ, 8) for which 
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Fig. 7.5 Geometric 
interpretation of Preisach 
model 





Yoplu(w)] = —1. It can be shown that the interface L(y) between S* (y) and 
S (V) is a staircase line whose vertices have o and 6 coordinates coinciding with 
local maxima and minima of input at previous instants of time (Fig. 7.6). The final 
link of L(y) is attached to the line « = 6 and moves when the input changes. This 
link is horizontal and moves up when the input increases, and it is vertical and moves 
from right to left when the input decreases. Using this geometric interpretation, the 
Preisach model can be written in the following form 


S) = J J pd dodge J J wa, B)dadp. — (72) 
St(y) S (v) 


M; 
u(y) 
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Fig. 7.6 o—p plane diagrams corresponding to different input extrema 
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From Eq. 7.2 it follows that an instantaneous value of output depends on the shape 
of the interface L(y), which in turn, is determined by the extremum values of input 
at previous instants of time. Consequently, the past extremum input values shape 
the interface L(y), and in this way they leave their mark upon the future. However, 
not all extremum input values are accumulated by the model. Some of them can be 
wiped out. It can be shown using the rules of motion of the final link of L(y) that 
the following property is valid. 

Property A: Wiping-out property Each local maximum wipes out the vertices 
whose o coordinates are below this maximum, and each local minimum wipes out 
the vertices whose f coordinates are above this minimum. 

It is clear that the wiping out of vertices is equivalent to the erasing of the his- 
tory associated with these vertices. Thus, subsequent variations of input might erase 
some previous history. This property has been found to be in agreement with some 
experimental facts. Another important property of the Preisach model is stated as 
follows. 

Property B: Congruency property All hysteresis loops corresponding to the 
same extremum values of input are congruent. To determine the weighting func- 
tion u(«, B), the set of first-order reversal curves should be experimentally found. 
This can be done by bringing first the input to such a value that outputs of all opera- 
tors Yag are equal to —1. If we now gradually increase the input value, then we will 
follow along a limiting ascending branch (Fig. 7.7). This branch is called ‘limiting’ 
because there is no branch below it. The notation fw is normally used to denote the 
output value on this branch corresponding to the input u — o. The first order reversal 
curves are attached to the limiting ascending branch (Fig. 7.7). Each of these curves 
is formed when the above monotone increase of input is followed by the subsequent 
monotone decrease. The notation feg is normally used for the output value on the 
reversal curve which is attached to the limiting ascending branch at the point fy. 
This output value corresponds to the input u = f. The function F(a, p) (called the 
Everett surface) is then defined as 


F(a, B) = = (fu — fap) - (7.3) 


l 
2 


Fig. 7.7 First order reversal 
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Fig. 7.8 Graphical 
representation of Eq. 7.4 





Using the geometric interpretation of the Preisach model it can be shown that 


a y 
F(a, p=] w(x. yydxdy = | (/ n(x, yds) dy, (7.4) 
T (o. B) p g 


where T (o, B) is the triangle formed by the intersection of the lines x = 6, y =a 
and y = x (Fig. 7.8). From Eq. 7.4 we get 


| 9? F(a, f) 


Ao, 8) = TY 


(7.5) 


The experimental data provided by the set of first-order reversal curves allows 
the determination of the weighting function u(«œ, B) through Eq. 7.5. Numerical 
implementation of the Preisach model using Eqs. 7.1 and 7.5 has two main disadvan- 
tages. Firstly, differentiation of experimentally obtained function F (œ, 8) is required 
in order find (o, B). This might amplify any error which is inherently present in 
F(a, B). Secondly, numerical evaluation of double integrals is needed to compute the 
output d(y). The above disadvantages are overcome by using the following explicit 
formula 


ó(y) = —F (ao, Bi) + 2. (Fax, Bx) — Fok, Bii), (7.6) 


k=1 


where a; and f; are decreasing and increasing sequences of œ and 6 coordinates of 
interface vertices, respectively, and n is the number of horizontal links of interface 
L(y). In this chapter, experimental data obtained by Hall and Prechtl is used to 
estimate the weighting function. Another important requirement for the numerical 
implementation of the classical Preisach model is the knowledge of the initial state 
of the hysteresis transducer. The initial state of the transducer along with the initial 
input to the transducer determines the initial output. The following output values 
obviously depend on the initial output value. In this chapter, it is assumed that the 
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initial output of the system either corresponds to the value on the limiting ascending 
branch (when initial input rate is positive) or the limiting descending branch (when 
initial input rate is negative). Such an assumption allows us to easily fix the initial 
state of the hysteresis transducer. 


7.2 Modified Control Algorithm 


The flap control algorithm used in this chapter is similar to the algorithm discussed 
in Chap. 4 (Sect. 4.3). However, the control input in this chapter is the voltage applied 
to the piezostack and not the flap deflection angle itself. As mentioned before, for 
a 4-bladed rotor, the control input to the actuator is typically 2/rev, 3/rev, 4/rev or 
5/rev or a combination of all the above harmonics (multicyclic input) to reduce the 
vibratory hub loads. In this chapter, a DC bias is also given to the stack actuator. 
This DC bias is adjusted so as to obtain a flap motion with zero steady component. 
The total voltage applied to the piezostack driving the jth flap is then given by 


5 
v QI) = uh + S [uhe cosQN V) + uh, sinQNV) |. j=10N 0D 
N=2 


At the ith control step, the objective function for optimal control is given by 


Nf 
J (Zi uj wj... wi) = ZEWzZ + > pul uf, (7.8) 
j=l 


Here Zi; is the vibratory hub load vector at the ith control step containing the 
4/rev sine and cosine harmonics (three hub shears and three hub moments), ul is the 
control input vector containing cosine and sine higher harmonics of the jth flap at 
the ith control step and N , is the number of flaps on each rotor blade. Since uj, is not 
an independent parameter, it is not included in the vector of control input harmonics 
u’. The diagonal matrix Wz is a weighting matrix for hub vibratory loads. The first 
term in the above equation is a scalar quantity that is purely related to the magnitude 
of the hub vibratory loads and is a measure of hub vibration. The non-dimensional 
weighting parameters f/ can be changed to establish the relative importance of hub 
loads versus flap motions in the objective function. When BÍ = 0, the controller tries 
to minimize hub loads without regard to the motion of the jth trailing-edge flap. As 
B/ increases towards unity, the controller will try to reduce the motion of the jth 
trailing-edge flap to zero. 
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The subscript i in Eqs.7.8 and 7.9 refers to the ith control step, reflecting the 
discrete-time nature of the control. The time interval between each control step must 
be sufficient to allow the system to return to the steady state so that the vibration 
level can be measured accurately. Here, the “feedback form of the global controller” 
is implemented since the system is only moderately nonlinear. This controller is a 
compromise between the global and the local controller. The feedback form of the 
global controller can save computation time without losing accuracy for a moderately 
nonlinear system. The transfer matrix is assumed to be constant over the entire range 
of control inputs just like in the global controller. However, this controller is a closed- 
loop form where the control input during each control step is determined by feedback 
of the measured vibration levels of the previous control step. Linearizing the system 
about the current control inputs using Taylor series expansion gives 


Nf 


Z; =Z; 9 Ti (ul -uj_), (7.10) 
j=l 


where T) is the transfer matrix that relates the system response to the motion of the 
jth trailing-edge flap. This transfer matrix 1s assumed to be constant over the entire 
range of the control input and hence is calculated only once by perturbing the control 
harmonics individually around zero control inputs. Equation 7.10 is substituted in 
Eq. 7.8 and the optimal controller is obtained by applying the following optimality 
criteria 


—=0, j21toNj. (7.11) 


In this chapter, a single trailing-edge flap configuration is considered as a first 
step (N; = 1). The flap spans 12 % of the blade and is located at 70 % blade radial 
location. Numerical studies are conducted at both high (u = 0.30) and low speed 
(u = 0.15) flight conditions. 
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7.3 Performance of Linear and Hysteretic Actuators 


To obtain a realistic model of hysteresis, experimental data from previous studies is 
used. Figure 7.9 shows the quasistatic response of a trailing-edge flap actuator on a 
bench top test obtained by Hall and Prechtl [6]. The hysteresis nonlinearity is due to 
both material effects and friction in the mechanical device. The stacks used in this 
research were made of lead magnesium niobate-lead titanate (PMN-PT) composition. 
The experimental data shown in Fig. 7.9 is used to determine the unknown Everett 
surface F (o, B) required by the Preisach model in Eq. 7.6. If the entire flap actuation 
mechanism is assumed to have no hysteresis, then it is reasonable to presume that 
the relationship between piezostack voltage input and flap deflection angle is linear. 
This presumed linear relationship is also shown in Fig. 7.9. When a pure sinusoidal 
voltage input is given to such a linear actuator with no hysteresis, the output (flap 
deflection) is also a pure sinusoid with zero phase shift and at the same frequency. 
However, a sinusoidal input given to an actuator with hysteretic behavior, yields an 
output (flap deflection) which has a phase shift at the input frequency and a non-zero 
response at other frequencies. 

Two cases are considered: 


Case (1): Ideal-linear actuator 
Case (2): Real actuator, hysteresis addressed using Preisach model 


The linear actuator is termed ideal because hysteresis which occurs in the real 
actuator leads to an unwanted nonlinearity which complicates the controller design 
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Fig. 7.9 Trailing-edge flap actuator hysteresis from Hall and Prechtl [6] and the linear 
approximation 
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Fig. 7.10 Optimal 2/rev control input, u = 0.30 


and adversely affects performance. The helicopter aeroelastic model is found to 
be almost linear with respect to the actuator control input. Hence, for the ideal- 
linear actuator, the global controller is used to determine the optimal control input. 
For the real actuator with hysteresis, the “feedback form of the global controller” 
is used to determine the optimal control input, since the inclusion of the actuator 
hysteresis model made the overall system nonlinear. Initial studies are conducted 
by applying the higher harmonics of the control input individually. This provides a 
general understanding of the influence of the control input on the various components 
of the fixed frame hub vibratory loads. 


Vibration Reduction at High-Speed Flight (u = 0.30) 
2/rev Control Input 


Figure 7.10 shows the time history of the optimal 2/rev control input (voltage input 
to the piezostack) for the two cases mentioned above. The optimal control input 
for the two cases are different, particularly in terms of phasing with respect to the 
rotor azimuth. The resulting flap motion for the two cases are shown in Fig. 7.11. As 
expected, the flap motion in the ideal actuator case contains only the 2/rev component. 
In addition to the dominant 2/rev component, the flap motion in the real-hysteretic 
actuator contains non-negligible 4/rev and 6/rev harmonics (Fig. 7.11). This spillover 
can be attributed to the hysteresis in the actuator. Figure 7.12 shows the flap deflection 
angle as a function of piezostack voltage for the two cases. Hub vibration is reduced 
by 63 and 51 % from the baseline value for the ideal and real actuator, respectively. 
This difference in performance of the two actuators is due to the disparity in the 
flap motion between the two cases. In the case of ideal actuator, the longitudinal, 
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Fig. 7.11 Flap motion history due to 2/rev control input, u = 0.30 
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Fig. 7.12 Flap motion history versus piezostack voltage for 2/rev control input, u = 0.30 


lateral and vertical hub shear forces are reduced by 53, 35 and 39%, respectively. 
The rolling, pitching and yawing moments are reduced by about 45, 43 and 49%, 
respectively (Fig. 7.13). For the real actuator, the longitudinal, lateral and vertical 
hub shear forces are reduced by 58, 27 and 28 96, respectively. The rolling, pitching 
and yawing moments are reduced by about 23, 28 and 51 96, respectively. 
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Fig. 7.13 Comparison of hub vibratory loads for 2/rev control input, u = 0.30 
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Fig. 7.14 Optimal 3/rev control input, u = 0.30 


3/rev Control Input 


3/rev control input is known to be very effective in vibration control of 4-bladed 
rotors at high forward speeds. Figure 7.14 shows the time history of the optimal 
3/rev control input (voltage input to the piezostack) for the two cases. There is a 
notable difference in magnitude and phase of the optimal control input obtained for 
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Fig. 7.15 Flap motion history due to 3/rev control input, u = 0.30 
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Fig. 7.16 Flap motion history versus piezostack voltage for 3/rev control input, u = 0.30 


the ideal and real actuator. It is seen that the flap motion history is almost identical for 
the ideal and real actuator, though the 3/rev control input required to achieve this flap 
motion is different in the two cases (Fig. 7.15). In other words, the controller is able 
to adjust the control input for the real actuator to obtain a flap motion similar to the 
ideal actuator. Figure 7.16 shows the flap deflection angle as a function of piezostack 
voltage for the two cases. 
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Fig. 7.17 Comparison of hub vibratory loads for 3/rev control input, u = 0.30 


An overall hub vibration reduction of 79 % is obtained in both the ideal and real 
actuators. For the ideal actuator, longitudinal and lateral hub shear are reduced by 
about 28 % each. However, the vertical shear is reduced by about 86 %. The rolling, 
pitching and yawing moments are reduced by 43, 35 and 46 %, respectively. Similar 
reductions in hub loads are achieved for the real actuator (Fig. 7.17). The identical 
performance of the two cases is not surprising since the optimal flap motion achieved 
in both cases are nearly same. 


4/rev Control Input 


The optimal 4/rev piezostack voltage input for the ideal and real actuators are shown 
in Fig. 7.18. Again, there is a notable difference in magnitude and phase of the optimal 
4/rev control input obtained for the ideal and real actuator. The resulting flap motion 
in both cases are again found to be nearly identical (Fig. 7.19). Overall vibration 
reduction of 70 96 1s obtained in both cases. For the ideal actuator, longitudinal and 
lateral hub shear are reduced by about 15 % each (Fig. 7.20). However, the vertical 
shear is reduced by about 92%. The rolling, pitching and yawing moments are 
reduced by 15, 9 and 25 %, respectively. Similar reductions in hub loads are achieved 
for the real actuator. Figure 7.21 shows the variation in flap angle versus piezostack 
voltage for the two cases. 


S/rev Control Input 


Figure 7.22 shows the optimal 5/rev control input for the ideal and real actuators. 
The resulting flap motion in both cases are identical, just as seen with 3/rev and 4/rev 
control input. The 5/rev control input required to achieve this identical flap motion 
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Fig. 7.18 Optimal 4/rev control input, u = 0.30 
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Fig. 7.19 Flap motion history due to 4/rev control input, u = 0.30 


is different in the two cases (Fig. 7.23). We notice that if the actuator response is 
modeled fairly well, the controller is able to adjust the magnitude and phase of the 
control input so as to get the precise optimal motion of the trailing edge flap to obtain 
maximum vibration reduction. Overall vibration reduction of 66% is obtained for 
both the ideal and real actuators. As expected, the performance of 5/rev control input 
is marginally lower than 3/rev and 4/rev control inputs. For the ideal actuator, the 
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Fig. 7.21 Flap motion history versus piezostack voltage for 4/rev control input, u = 0.30 


longitudinal and vertical hub shear forces are reduced by 41 and 96 96 respectively. 
However, the lateral shear force increased marginally by about 2 96. Both pitching 
and yawing moments are reduced by about 24 %. The rolling moment increased by 
5 % from the baseline value. The reduction in 4/rev hub loads is nearly identical for 
the case of real actuator (Fig. 7.24). 
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Fig. 7.22 Optimal 5/rev control input, u = 0.30 
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Fig. 7.23 Flap motion history due to 5/rev control input, u = 0.30 


In the three cases with individual 3/rev, 4/rev and 5/rev piezostack control input, 
the flap motion obtained using the “feedback form of global controller" for a real 
actuator has nearly the same magnitude and phasing as the flap motion obtained 
using the global controller for an ideal-linear actuator. This is the reason why similar 
reduction in hub vibratory loads were obtained for the ideal and real actuator using 
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Fig. 7.24 Comparison of hub vibratory loads for 5/rev control input, u = 0.30 


a single frequency control input. This is because, for the real actuator, the system 
response is only mildly nonlinear with respect to individual voltage control inputs. 
Hence, the "feedback form of global controller" used works quite well. However, 
in the case of individual 2/rev control input, the real actuator performs marginally 
below the ideal actuator. This is due to the non-zero 4/rev and 6/rev harmonics of 
the flap motion resulting from hysteresis in the actuator. 

Figures 7.14, 7.18 and 7.22 indicate that both linear and hysteretic actuators are 
not used to their complete potential for 3/rev, 4/rev, and 5/rev control input at a 
single frequency. That is, the constraints on the minimum and maximum voltage 
that could be applied to the piezostack actuator (from Fig. 7.9) are not active at the 
optima. However, in the case of 2/rev control input, both actuators are used to their 
full potential (Fig. 7.10). 


Multicyclic Control Input 


A multicyclic control algorithm is used where 2/rev, 3/rev, 4/rev and 5/rev harmonics 
of the control input are given simultaneously (Eq. 7.7). Figure 7.25 shows the optimal 
control input for the two cases. Note that the optimal control input which needs to be 
given to the piezostack 1s different for the real actuator compared to the ideal actuator. 
However, in both cases, the actuators are used to complete authority in contrast to 
3/rev, 4/rev and 5/rev single frequency control input cases. The optimal flap motion 
history for the multicyclic control input is different for the two cases (Fig. 7.26). Hub 
vibration is reduced by 90 and 81 % from the baseline value for the ideal and real 
actuator, respectively. This is because, for the real actuator, the system response is 
fairly nonlinear with respect to multicyclic control input. This shows that neglecting 
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Fig. 7.25 Optimal multicyclic control input, u = 0.30 
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Fig. 7.26 Flap motion history due to multicyclic control input, u = 0.30 


hysteresis in the actuator leads to over-prediction in vibration reduction compared to 
an actuator with hysteresis modeled. 

Figure 7.27 shows the reduction in the individual 4/rev hub loads. For the ideal 
actuator case, the longitudinal, lateral and vertical hub shear forces are reduced by 
about 49, 50 and 95 %, respectively. The rolling, pitching and yawing moments are 
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Fig. 7.27 Comparison of hub vibratory loads for multicyclic control input, u = 0.30 


reduced by 50, 43 and 75 %, respectively. In the case of real hysteretic actuator, a 
reduction of 13, 37 and 85 % in 4/rev hub shear forces are achieved. The 4/rev hub 
moments are reduced by about 72, 36 and 44 % from baseline levels. 


Vibration Reduction at Low-Speed Flight (u = 0.15) 


The numerical results presented above were obtained at a high forward speed cor- 
responding to an advance ratio of 0.30. Studies are also performed at a low forward 
speed of advance ratio 0.15. The primary source of vibration in these two flight con- 
ditions are different. In high speed flight, the main source of vibration is the increased 
magnitude and periodicity of the aerodynamic loads. In low speed flight, the rotor 
wake remains close to the blades and results in higher wake induced loading. For the 
ideal actuator, overall vibration reduction of 90, 98 and 91 96 is achieved by using 
individual 3/rev, 4/rev and 5/rev control input, respectively. For the real actuator, hub 
vibration is reduced by 88, 84 and 91 96 from baseline level through 3/rev, 4/rev and 
5/rev control input, respectively. 

In low speed flight regime, the vertical hub shear force dominates the vibratory 
loading. From Eq. 2.55 in Chap.2 we infer that 4/rev actuator control input is likely 
to be most effective for vibration suppression in low-speed flight conditions. This 
is confirmed by the numerical results presented above. The optimal 4/rev control 
input for the ideal and hysteretic actuators are shown in Fig. 7.28. Once again, both 
actuators are required to operate well below complete authority. The resulting flap 
motion is shown in Fig. 7.29. The dominant 4/rev vertical hub shear force is reduced 
by about 99 and 63% from baseline level for the ideal and hysteretic actuators, 
respectively (Fig. 7.30). Other vibratory hub loads are almost unchanged from their 
corresponding baseline values. 
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Fig. 7.28 Optimal 4/rev control input, u = 0.15 
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Fig. 7.29 Flap motion history due to 4/rev control input, u = 0.15 


In low speed flight, multicyclic control input gave 99 and 86 % reduction in hub 
vibration for the ideal and real actuator, respectively. This indicates that not modeling 
hysteresis leads to results showing much larger reduction in vibration compared to 
when hysteresis is modeled. Figure 7.31 shows the optimal multicyclic control input 
obtained for the two cases. The flap motion for the two cases are quite different 


150 7 Piezoceramic Actuator Hysteresis 


B Baseline 
[SJ] Ideal actuator 
C] Real actuator 


Nondimensional 4/rev hub loads 





Fig. 7.30 Comparison of hub vibratory loads for 4/rev control input, u = 0.15 
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Fig. 7.341 Optimal multicyclic control input, u = 0.15 


(Fig. 7.32). Thereductions in individual hub vibratory loads are presented in Fig. 7.33. 
It is clear that the ideal-linear actuator performs better than the real actuator with 
hysteresis modeled. 
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Fig. 7.32 Flap motion history due to multicyclic control input, u = 0.15 
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Fig. 7.33 Comparison of hub vibratory loads for multicyclic control input, u = 0.15 


Table 7.] summarizes the numerical results obtained in terms of hub vibration 
reduction for the ideal and real actuator at high and low forward speeds. 
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Table 7.1 Percentage reduction in hub vibration for all cases 


Type of control input Ideal-linear actuator Real actuator with hysteresis 
High speed flight (u = 0.30) 


2e e is 

Multicyclic 90 | 81 
Low speed flight (u = 0.15) 

sre » [s 

Multicyclic oO iy 


7.4 Hysteresis Compensation Algorithm 


The previous section was based on deriving the control law for a flap-actuator system 
in the presence of actuator hysteresis. Another approach is to develop a hysteresis 
compensator based on an inverse hysteresis operator. Such a compensator can be used 
as a part of an open-loop filter to produce a linear relationship between the input and 
output. The hysteresis in the actuator is primarily due to material nonlinearity and to 
a lesser extent due to losses in the amplification mechanism. In this section, we aim 
to study the effect of inaccurate compensation of piezostack actuator hysteresis on 
the performance of trailing-edge flap system. 

An "ideal" compensator when placed in series with a hysteretic system will make 
the overall system "exactly" linear thereby allowing us to use linear control theory 
techniques to control the actuator. However, in practice it is difficult to develop an 
exact compensation scheme. So the overall system cannot be made exactly linear but 
approximately linear. In this chapter, an approximate inverse of the Preisach operator 
is used to compensate for actuator hysteresis. This nonlinear inversion algorithm 
called the closest match algorithm was proposed by Tan et al. [7]. In this method, the 
Preisach plane (o—f plane) is discretized into a finite number of grids. The algorithm 
aims to determine the input whose output matches the desired output most closely 
among all possible inputs. Since the Preisach plane is discretized, the input can only 
take values from a finite set U = (uj, 1 € | < L} with eachuj,1 < l < L, 
representing an input level. We define, 


Umax — Umin 
Au = ————_.. 


I] (7.12) 
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Then, u; = Umin + (I — 1) Au. Given the initial memory curve $? (from which 
the initial input u and the output 8/0 can be derived) and a desired output 5*, the 
aim of the inverse operator is to determine the input u* € U, such that 


II (u*; 99) — 6*| = min |F (w; o) — $*|. (7.13) 
uc 


The algorithm should also return the resulting memory curve $*. The algorithm 
is as follows 


e Step 0. Set n = 0. Compare 6 and 8*: if 5° = 6*, let u* =u, d* = 6, go 
to Step 3; if 6 < 58*, go to Step 1.1; otherwise go to Step 2.1; 
e Step l. 


- Step 1.1: If u” = ur, let u* = u^, $* = ¢", go to Step 3; otherwise uw") = 


u™ + Au, $ = $? [backup the memory curve], n = n + 1, go to Step 1.2; 

— Step 1.2: Evaluate 6 = [D(u"; $"-U) and (at the same time) update the 
memory curve to $?. Compare 5” with 6*: if 8? = 6*, let u* = u”, $* = $", 
go to Step 3; if 5 < 6*, go to Step 1.1; otherwise go to Step 1.3; 

— Step 1.3: If |5/? — 8*| < |8"-9 — ô*|, let u* = u”, d* = $”, go to Step 3; 
otherwise u* = u”, $* = [restore the memory curve], go to Step 3; 


e Step 2. 


— Step 2.1: If u” = uj, let u* = u”, $* = Q", go to Step 3; otherwise 4, *? = 
u™ — Au, $ = $? [backup the memory curve], n = n + 1, go to Step 2.2; 

— Step 2.2: Evaluate 8? = [D(u"; 9") and (at the same time) update the 
memory curve to $?. Compare 5” with 8*: if 8? = 6*, let u* = u”, 9* = Q", 
go to Step 3; if 5 > 6*, go to Step 2.1; otherwise go to Step 2.3; 

— Step 2.3: If |5/? — 8*| < |8"-9 — 8*L let u* = u”, $* = $", go to Step 3; 
otherwise u* = u”), $* = ¢ [restore the memory curve], go to Step 3; 


e Step 3. Exit. 


The above algorithm yields the best input u* in at most L iterations. 


7.4.1 Numerical Results 


The hysteresis in the X-frame actuator developed by Hall and Prechtl is shown 
in Fig.7.34. Figure 7.34a shows the hysteresis only due the piezostack material. 
Figure 7.34b shows the combined effect of both material and mechanical hysteresis 
of the actuator, which is significantly greater. 

To study the effect of material and mechanical hysteresis on the performance of 
helicopter vibration control system, three different cases are considered (Fig. 7.35). 
They represent different levels of modeling and compensation of X-frame actuator 
hysteresis. In case (1), the compensator is derived based on the complete actuator 
nonlinearity (Fig. 7.34b). This model is the most complete and more accurate than 
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Fig.7.34 Trailing edge flap actuator hysteresis from Hall and Prechtl [6]. a Only material hysteresis. 
b Both material and mechanical hysteresis 
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Fig. 7.35 Three different hysteresis compensation levels considered in this study 


the other two cases. In case (2), the compensator is derived based only on the material 
nonlinearity in the actuator and the effect of mechanical hysteresis in the actuator 
is ignored (Fig. 7.34a). This model is expected to be less accurate than case (1) but 
better than the case of no compensation (Case (3)). In case (3), no compensation 


7.4 Hysteresis Compensation Algorithm 155 


: Only 3/rev : 
0 90 180 270 360 0 90 180 270 360 





Flap deflection angle (deg) 





Only 5/rev | | Multicyclic 


0 90 180 270 360 0 90 180 270 360 
Azimuth (deg) Azimuth (deg) 


Fig. 7.36 Desired flap motion for independent 3/rev, 4/rev and 5/rev control input and multicyclic 
control input 


is made for the actuator hysteresis and hence this is the least accurate of the three 
models. However, it is simple to implement since it does not involve inversion of the 
Preisach model. 

Firstly, the control algorithm described in Sect. 4.3 of Chap.4 is applied to the 
helicopter aeroelastic model to determine the optimal/desirable flap control input 
for maximum reduction in hub vibration level. Figure 7.36 shows the desirable flap 
motion when 3/rev (63., 535), A/rev (d4¢, 04,) and 5/rev (ôsc, ss) control input are 
applied independently and when applied together (multicyclic input) at an advance 
ratio of u = 0.30. This provides a general understanding of the influence of various 
components of the control input on the fixed frame hub vibratory loads. In practice, 
the desired flap motion obtained above can be fine-tuned using wind-tunnel and flight 
test data. 


3/rev Control Input 


Initially, the desired 3/rev flap motion from Fig. 7.36 is given as input to the three 
different compensators mentioned above. Figure 7.37 shows the piezostack voltage 
obtained from the compensators in all three cases. The voltage history is appreciably 
different in all three cases. The actuator response to the voltage inputs obtained for 
the three cases are shown in Fig. 7.38 along with the desired flap motion history. As 
expected, the result from case (1) is almost indistinguishable from the desired flap 
motion, since the compensator in this case was derived based on the complete actuator 
nonlinearity. The helicopter model predicts a reduction of 79 % in hub vibration levels 
due to this flap motion. The actuator response in cases (2) and (3) are quite different 
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Fig. 7.37 Piezostack voltage computed from the compensators (3/rev control input) 
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Fig. 7.38 Flap motion history for the three cases (3/rev control input) 


from the desired flap motion due to the use of inaccurate compensation methods. The 
helicopter aeroelastic model predicted 42 and 36 96 reduction in hub vibration in case 
(2) and case (3), respectively. Figure 7.39 shows the reduction in 4/rev component 
of individual hub forces and moments for the three cases of compensation. The 
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Fig. 7.39 Reduction in hub vibratory loads from baseline values (3/rev control input) 
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Fig. 7.40 Piezostack voltage computed from the compensators (4/rev control input) 


dominant vertical hub force (F,) shows much less reduction for case (2) and case (3) 
where inaccurate compensation is used. 
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Fig. 7.41 Flap motion history for the three cases (4/rev control input) 


4/rev Control Input 


Figure 7.40 shows the time history of the voltage input to the piezostack for all three 
cases. Again, there is a notable difference in magnitude and phase of the voltage 
input obtained for the three cases. The flap motion obtained in case (1) is almost 
indistinguishable from the desired flap motion, since the compensator in this case was 
based on complete hysteresis inversion (Fig. 7.41). The helicopter aeroelastic model 
predicts about 70% reduction in 4/rev hubloads due to this flap motion. However, 
the flap motion in the other two cases are entirely different from the desired flap 
motion, thereby leading to very poor performance in terms of helicopter hub vibration 
reduction (Fig. 7.42), especially in the dominant F, component. In case (2), the overall 
hub vibration reduced by only 14% and in case (3), it was even lower at 8 96. 


S/rev Control Input 


The voltage input and flap motion for 5/rev control input are shown in Figs. 7.43 
and 7.44, respectively. Again, it is seen that the flap motion due complete hysteresis 
compensation is identical to the desired flap motion. In this case, the hub vibration 
is reduced by about 66 % from baseline conditions. Hub vibration levels reduced 
by about 24 and 18% from baseline conditions in the case of material hystere- 
sis compensation and no compensation case, respectively. This is due to the large 
difference between the actual flap motion in these two cases and the desired flap 
motion. Figure 7.45 presents the reductions in the individual hub vibratory forces 
and moments. 


Multicyclic Control Input 


In this section, 2/rev, 3/rev, A/rev and 5/rev harmonics of the control input are given 
simultaneously. Figure 7.46 shows the piezostack voltage obtained from the com- 
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Fig. 7.42 Reduction in hub vibratory loads from baseline values (4/rev control input) 
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Fig. 7.43 Piezostack voltage computed from the compensators (5/rev control input) 


pensators in all three cases. The actuator response for the three cases along with 
the desired flap motion is shown in Fig. 7.47. In case (1), where the compensator 
is based on complete actuator hysteresis inversion, the hub vibration is reduced by 
about 90 % from baseline condition. Compensation of only material hysteresis leads 
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Fig. 7.44 Flap motion history for the three cases (5/rev control input) 
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Fig. 7.45 Reduction in hub vibratory loads from baseline values (5/rev control input) 


to degradation in the performance of the trailing-edge flap system, yielding only 
64 % reduction in hub vibration. However, when hysteresis in the actuator is not 
compensated, the hub vibration is reduced by 69 % from baseline (Fig. 7.48). The 
performance in case (3) is better than case (2) because the flap motion in case (3) is 
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Fig. 7.46 Piezostack voltage computed from the compensators (multicyclic control input) 
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Fig. 7.47 Flap motion history for the three cases (multicyclic control input) 


closer to the desired flap motion than the flap motion in case (2). It also shows that 
addressing only material hysteresis is not enough for actuators which have significant 
mechanical hysteresis. 

Figure 7.49 summarizes the numerical results obtained in terms of percentage 
reduction in hub vibration for all three cases. It is evident that partial or no com- 
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Fig. 7.48 Reduction in hub vibratory loads from baseline values (multicyclic control input) 
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Fig. 7.49 Percentage reduction in hub vibration for the three cases 


pensation of the actuator hysteresis leads to deterioration in the performance of the 
vibration control system. However, it should be noted here that the compensator in 
case (2) performed poorly due to significant mechanical hysteresis in the X-frame 
actuator compared to the piezostack material hysteresis (Fig. 7.34). The hysteresis 
in the amplification mechanism due to friction and freeplay can be minimized by 
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reducing the number of joints or by using compliant mechanisms. However, since it is 
difficult to completely eliminate mechanical hysteresis, both material and mechanical 
hysteresis must be addressed when using piezostack actuators for vibration control. 


7.5 Summary 


The effect of trailing-edge flap actuator hysteresis on helicopter vibration control is 
studied. Two cases are considered: (1) Ideal-linear actuator and (2) Real actuator with 
hysteresis nonlinearity. The global controller is used to determine the optimal control 
input for the ideal-linear actuator. The “feedback form of the global controller" is 
used in the case of the real actuator with hysteresis. The controller performance is 
compared for the above two cases. The hysteresis in the real actuator is modeled using 
the classical Preisach model. The weighting function which is characteristic of the 
hysteresis transducer is estimated from experimental data. Active vibration control 
is simulated for steady-state high and low forward speed conditions. In the case of 
real actuator, the addition of actuator hysteresis made the overall system more non- 
linear. The ideal-linear actuator with multicyclic control input gives 90 % reduction 
in hub vibration at high speed flight. The real actuator with multicyclic control input 
resulted in only 81 % in hub vibration reduction. This loss in controller performance 
(about 9%) in the real actuator is due to the presence of actuator hysteresis. The 
optimal voltage control input and the resulting flap motion for the two cases are dif- 
ferent. For an ideal-linear actuator in low speed flight, vibration levels are reduced by 
about 99 96 with multicyclic control input. However, the real actuator gave only 86 96 
reduction in vibration levels. Again this performance penalty (a drop of 13 96) can 
be attributed to the presence of hysteretic nonlinearity in the flap actuator. The effect 
of inaccurate compensation of piezostack actuator hysteresis on the performance of 
vibration control system is also studied. The hysteresis in the trailing-edge flap actu- 
ator is due to both material property of piezostacks and mechanical linkage losses. 
Compensator based on complete actuator hysteresis gave upto 90 % reduction in hub 
vibration at high speed flight. Compensator based only on material nonlinearity of 
the piezostack does not yield the desired flap motion accurately, resulting in only 
64 % reduction in hub vibration. In comparison, the hub vibration reduced by 69 % 
when actuator hysteresis was not compensated. Numerical results demonstrate the 
importance of complete compensation of both material and mechanical hysteresis 
present in the trailing-edge flap actuator system. 
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Chapter 8 
Active Rotating Beams 


From this chapter onwards, we will address the active twist rotor using piezoelectric 
actuation. The helicopter rotor blades can be considered as a closer approximation to 
rotating beams due to their high aspect ratios. However, the structural dynamic and 
aerodynamic behavior are highly coupled for helicopter rotor blades. To obtain an 
idea about the physics behind the active twist concept and to validate the formulation 
and analysis developed in the previous chapter, aerodynamic loads are not included 
in this chapter and the effect of time varying tip loads on the dynamic behavior of 
rotating rectangular section beams is studied. Introduction to the theory of rotating 
beams is given in Sect. 8.1. Section 8.2 describes the model selected for the dynamic 
analysis of rotating beam. In Sect. 8.3, the bending actuation mechanism is investi- 
gated. Section 8.4 presents the analysis utilizing torsion actuation and discusses its 
effect on beam response. Section 8.5 discusses the importance of nonlinear terms by 
applying a tip sinusoidal load in the framework of torsion actuation. A similar study, 
in the framework of bending actuation is presented in Sect. 8.6. Section 8.7 highlights 
the effect of torsion actuation on a pretwisted beam. Lastly, important findings are 
summarized in Sect. 8.8. 


8.1 Background 


The area of *modeling beams with piezoelectric actuators" [1, 2] has received con- 
siderable attention in the past years due to the fact that many important structural 
members can be modeled as beams. Because of the practical importance of such struc- 
tures, work has been done in the dynamic analysis of rotating beams [3, 4]. However, 
only a few studies have been done in the dynamic analysis of rotating smart beams 
which typically address vibration control and shape control using active materials. 
However, none of these studies considered shear-based piezoceramic actuation to 
obtain the response of pretwisted rotating beams [5]. The approach in this chapter 
is to demonstrate the feasibility of shear actuation in rotating beams and progress 
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further to refine the structural and aerodynamic model to achieve vibration reduction 
in helicopter rotor. 

The governing nonlinear equations of motion for the elastic bending and torsion of 
twisted nonuniform rotor blades made of isotropic material were derived by Hodges 
and Dowell using the Hamilton’s principle and have become the underlying basis for 
comprehensive aeroelastic analysis developed and used by several researchers. Geo- 
metrical nonlinearities, which result in moderate blade deflections, play an important 
role in the aeroelastic stability analysis of rotor blades. Generally, moderate deflec- 
tion type theories based on an ordering scheme are quite adequate for hingeless rotor 
blades. However, large deflection theories can be important for the bearingless rotors 
[6]. The governing equations for rotating smart beams were derived in Chap. 2. Here, 
numerical results are obtained to analyze the influence of smart actuation, centrifugal 
stiffening, nonlinear effects, and pretwist on deformations. The possibility of using 
the piezoceramic shear actuation mechanism (d5 effect) for torsion and the bending 
actuation (d3; effect) for bending of rotating beams is explored. The idea is to bend 
or twist the beam with a certain deflection. It should be noted that small amount of 
deflections can be used to reduce airloads and evolve an active control strategy for 
rotating beam type structures. 

Assessment of modeling techniques for rotor blade applications have been given 
in [7, 8]. In this chapter, we consider a solid rectangular cross-section beam. Such 
sections are not widely used in the rotorcraft industry. However, a notable exception 
is flexbeams used for bearingless rotors. 


8.2 Model Details 


The model used for numerical results is a cantilevered aluminum beam with surface 
mounted piezoceramic actuators as shown in Fig. 8.1. This model is similar to an 
experimental beam devised by Park et al. [9] allowing validation of the results with 
closed form solutions for a nonrotating bending beam. The cross-section of the beam 
is shown in Fig. $.1a. 

The cross-section can undergo twisting motion by an angle of 0) + Q; where 6 
is the applied control pitch and Q is elastic twist (see Fig. 2.12). Thus, it can move 
from the undeformed zy axes to the deformed 7¢ axes about the axial coordinate x 
or €. The beam has a height of 1.28 mm, breadth of 50.8 mm, actuator thickness of 
0.245 mm, and adhesive thickness of 0.10 mm. The length of the beam is 406.4 mm. 
The adhesive (resin) layer has been considered here to incorporate the shear lag 
effects. The results are obtained for a potential of 400 V in case of bending actuation 
and for 200 V in case of torsion actuation. The mechanical properties considered for 
simulation are listed in Table 8.1. 
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Fig. 8.1 a Cross-sectional view of the beam. b Side view of the beam 


Table 8.1 Mechanical properties considered for simulation 
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8.3 Bending Actuation 


For obtaining the bending actuation equal but opposite potentials are given to the 
top and the bottom piezo layers (bending motor concept) [10], which results into the 
expansion of one surface and contraction of other. As it can be seen from Fig. 8.2, 
the poling direction is parallel to the direction of the potential. To bend the beam, 
a voltage of equal magnitude but opposite sign is applied to the top and bottom of 
actuators. Thus, the beam bends to produce transverse bending deflection. For the 
nonrotating condition, a tip bending deflection of about 14 mm is obtained. This 
is slightly more than 3 % of the beam length. The bending deflection obtained here 
matches with the closed form solution at the nonrotating level. Response of a rotating 
beam over a wide range of rotational speeds (0—100 Hz) is investigated. The transverse 
tip bending deflection (nondimensionalized with respect to the radius R of the blade) 
and its variation with rotation speed is shown in Fig. 8.3. There is no other load on 
the beam except a bending moment due to bending actuation and the centrifugal 
loading due to rotation. It can be observed from Fig. 8.3 that there is a rapid fall in the 
bending deflection with increase in rotating speed. On studying the Eqs. 2.28—2.32, it 
is noticed that the centrifugal stiffening effect ( h F4 HT H ds inthe stiffness matrix 
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Fig. 8.2. Schematic of bending actuation (poling direction 1s parallel to applied voltage) 


Fig. 8.3 Transverse tip 
bending deflection for beam 
with bending actuation and 
increasing rotation speed 


Transverse deflection (w/R) 
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K) counters the piezoceramic actuation force ( Jr A3H Tds in the linear force vector 
FL) and decreases the deflection which reduces to almost zero at higher rotation 
speeds. It therefore appears that bending actuation is useful for nonrotating and 
slowly rotating structures. 


8.4 Shear or Torsional Actuation 


Conventional smart structure applications induce strain in the structure using the 
d3, and d33 piezoelectric constants, applying the electric field parallel to the poling 
direction. The shear-based constant, dıs also induces strain but requires application 
of electric fields in the direction perpendicular to that of poling as shown in Fig. 8.4. 
These shear-based actuators were proposed by Sun and Zhang [11] ina study in which 
a sandwich structure was constructed using the shear mode of actuation. The trans- 
verse shear deformation in the core was utilized to give rise to the desired transverse 
deflection of the sandwich. A comparative study between the sandwich structure and 
surface mounted actuator systems was demonstrated using finite element analysis. 
It was shown that for short and thick actuators the sandwiched structure had a better 
performance over surface mounted, whereas for long and thin actuators the surface 
mounted systems performed better than the sandwiched systems. 
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Fig. 8.4 Schematic of shear actuation (poling direction is perpendicular to applied voltage) 


Later, in 1999, Benjeddou et al. [12] compared the extension actuation mecha- 
nism with the shear actuation mechanism. For both cases the stress and vibration 
level were compared. Parametric studies were done by varying the structure/actuator 
stiffness, thickness ratios, actuator position, and length. It was shown that shear actu- 
ator performance was less dependent on the structure’s stiffness. It was also noted 
that for stiffer structures the shear actuation mechanism gave better results than the 
extension mechanism. The vibration modes were found to be equivalent in both 
cases. It was shown that surface mounted actuators, acting through the e3; piezoelec- 
tric constant, induce boundary concentrated forces, and moments in the structure. 
Whereas, sandwich shear actuators, acting through the e;5 piezoelectric constant, 
induce distributed moments in the structure. Extension actuators were found to be 
efficient when placed near the clamped end of the beam for long spans of actuators. 
However, shear actuators were found to be effective for very short lengths and over 
a larger range of positions. 

Glazounov et al. [13] proposed a piezoelectric actuator generating torsional dis- 
placement from the piezoelectric dıs shear response. A torsional actuator (tube) 
which generated high angular displacement from shear strain was developed. The 
tube consisted of an even number of piezoelectric segments adhesively bonded 
together. These segments were poled in the length direction and the electric field 
was applied in the direction perpendicular to the poling, and hence shear strain was 
induced. The study was a proof of concept type of study, which stated that this kind 
of torsional tube actuator could be used to generate twist. Thus, shear mode actuators 
have been suggested for obtaining large torque and angular displacement. 

Recently, a comparison of stresses in a sandwich laminate with those in the corre- 
sponding surface mounted extension actuator configuration revealed that the stresses 
within the shear actuators are significantly smaller than those in extension actuators. 
Thus, it is advantageous to use shear actuators since large stresses can be detrimental 
to the brittle piezoceramic material [14]. 

Also, a coupled finite element procedure was derived using a two-noded beam 
element to model two different kinds of piezoelectric actuation in a smart sand- 
wich beam. Active vibration control of smart sandwich beams was performed. Two 
constitutive models are incorporated so that the transverse electric field couples the 
longitudinal strain and the shear strain fields. It was concluded in the study that 
shear actuator performs better in controlling the first three bending modes than the 
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extension-bending actuator [15]. Note, however that most of the studies use shear 
actuation in sandwich beams to obtain bending deformation, whereas we use it for 
torsion deformation. The principal torsional/shear actuation term in the linear load 
vector is i. A4 Hds (Eq.2.31). Among the stiffening terms; h GJH; Hd sis com- 


ing from the structural stiffness and ii m(k,5? — kp) H à H gd s is coming from the 


rotational effect (Eq. 2.28). According to the requirements of the problem, the term 
A4 and GJ involved in torsion actuation and structural stiffening respectively, can 
be tailored so as to yield maximum torsion actuation and at the same time giving 
appropriate frequencies. In general, lower torsion stiffness is beneficial for torsion 
actuation. 

In Fig. 8.5, torsion response is plotted with increasing rotation speed. There is no 
other load on the beam except the smart couple (shear actuation) and the propeller 
moment caused by centrifugal force. This is compared with the zero loading situation. 
In the case of torsion actuation, a twist of 2.66? is obtained for the nonrotating 
case. But, the twist decreases as the rotation speed increases. At rotation speed 
as high as 100 Hz, a twist of around 0.35? is obtained. However, the decrease in 
twist with rotation speed is much less when compared to the decrease in bending 
(observed in previous section). This is because the centrifugal stiffening of the torsion 
mode is less compared to that of the transverse bending mode. It can be seen from 
Eq. 2.28 that the term leading to the centrifugal stiffening in the torsion direction 
is [S m(k,5^ — ki) H? H;ds whereas in the bending direction is i FAH TH, ds. 
The latter term is much larger in magnitude. In case of a square cross-section, the 
term h m(Km2” — km) H H H gas will reduce to zero. As the width of the cross 


section increases the term km2” will become dominant and as the height increases the 
term km1” will become dominant. In general, the width is much greater in magnitude 
than the height. It should be noted that the expressions used here non dimensional 
quantities. 
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Thus, it can be said that in case of torsion response, there remains enough twist 
to enable active control of vibration reduction even at high rotation speeds. Whereas 
in case of transverse bending, the centrifugal stiffening effect almost nullifies the 
effect of piezoceramic actuation at high rotation speeds. Shear-based piezoceramic 
actuation using the dj5 term appears useful for torsion actuation of rotating beams. 


8.5 Shear Actuation with Sinusoidal Loads 


The above results were obtained with the only loads acting on the beam being those 
due to rotation and actuation. Also the deflections were only due to smart actuation 
and were too small to activate the nonlinear terms, which are motion dependent. It can 
be seen from Fig. 8.5 that even at 100 Hz a satisfactory amount of torsion deflection 
is obtainable. Thus, to examine the effects of the nonlinear terms and time varying 
loading, a sinusoidal tip load is given to a beam rotating at 100 Hz. The linear effects 
are obtained by suppressing the nonlinear terms in the computer program used for 
getting the results. Results for the linear and nonlinear cases are obtained for (1) no 
smart actuation and (2) with smart actuation. 

In the framework of torsion actuation, effect of including nonlinear terms in the 
analysis is shown in Figs. 8.6, 8.7 and 8.8 for torsion, inplane, and transverse bending 
response respectively (nondimensionalized with respect to the radius R of the blade). 
As shown in Fig. 8.6, there is considerable change in the torsion response pattern for 
linear and nonlinear case. The smart loading also follows the same pattern, giving 
it a shift by some magnitude, showing that with a smart loading a definite amount 
of change in response can be obtained. But, the magnitude of difference between 
the nonlinear and the linear cases is very little in the cases of inplane (Fig. 8.7) and 
transverse (Fig. 8.8) bending response when compared to torsion. The importance of 
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Fig. 8.7 Effect of nonlinear 
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including nonlinear terms in the analysis is clear, especially for accurate prediction of 
torsion response. However, the effect of smart loading brings a change in magnitude 
in the response whereas the geometric nonlinearities also cause a phase change in 
the response. 


8.6 Bending Actuation with Sinusoidal Loads 


A similar case as described above is then examined with the smart couple in the 
form of a bending actuation and the beam rotating at 10 Hz. This rotating speed is 
selected due to the reason that at this speed some amount of transverse deflection 
still remains and beyond this speed the deflection falls off steeply (Fig. 8.3). The 


8.6 Bending Actuation with Sinusoidal Loads 173 


0.04 


aS ees 
— Smart Linear and Smart NonLinear 
— — Linear and NonLinear 


0.03 


0.02 


0.01 


Transverse bending response (w/R) 





0 50 100 150 200 250 300 350 400 
Azimuth angle (degrees) 


Fig. 8.9 Effect of nonlinear terms on tip transverse bending response under tip sinusoidal load and 
rotation speed of 10 Hz with and without smart bending actuation 
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Fig. 8.10 Effect of nonlinear terms on tip inplane bending response under tip sinusoidal load and 
rotation speed of 10 Hz with and without smart bending actuation 


nonlinear and smart effect in the case of transverse bending, inplane, and torsion 
response are shown in Figs. 8.9, 8.10 and 8.11 respectively. 

It could be noted from these figures that, in the presence of bending actuation, 
inplane bending, transverse bending, and torsion response do not change to a greater 
extent in magnitude. So, it could be inferred that the need of including nonlinear 
terms in case of bending actuation is not very significant. 
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8.7 Torsion Actuation with Pretwist 


Rotating systems create accelerations arising from the elastic structural deformations, 
Coriolis and centripetal forces. The complexity increases further when initial pretwist 
is also included in a beam as additional couplings are introduced due to the pretwist 
which can affect the beam response to static and dynamic loads [16, 17]. Here, an 
example has been taken of a beam which is pretwisted by (a) 2? (b) —2?. Linear 
pretwist is considered for these cases. A torsion smart moment is then applied on 
such a beam through the shear mode as discussed in Sect. 8.4. It can be noted from 
Fig. 8.12 that at a pretwist of 32^, the torsion deflection varies approximately from 
O to 2.29? at a rotation speed of 0-100 Hz. But when a smart torsion moment is 
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applied the trend followed by the torsion deflection changes. There is a difference 
in the tip torsion response of about 2.69? at $2 = 0, which reduces to about 0.17? 
at Q = 100 Hz. The effect of the piezoceramic actuation is to increase the torsion 
deflection of the beam. The increase is maximum in the nonrotating condition and 
becomes less as rotation speed increases. It can be observed from this example of 
+2° of pretwist that combinations of smart actuation and pretwist can be worked 
out to obtain a desired torsion deflection over a range of rotation speeds. Similar 
attempts were made on applying bending actuation to a pretwisted beam but the 
results obtained showed very little change and hence have not been presented here. 
Thus, it can be said that torsion actuation proves to be a better alternative in this case. 


8.5 Summary 


The dynamic behavior of rotating beams with piezoceramic actuation is studied using 
bending (d3,) and shear (d15) actuation for application to structures such as helicopter 
and wind turbine rotor blades. Numerical results show that the centrifugal stiffening 
effect reduces the tip transverse bending deflection and elastic twist obtained from 
smart actuation as the rotation speed increases. However, the effect of rotation speed 
on the tip elastic twist obtained using smart actuation is less pronounced. Results 
are obtained for the cases with only actuation loads, with actuation loads and added 
periodic tip loads, and for a pretwisted beam. The importance of nonlinear terms for 
accurate prediction of torsion, inplane bending and transverse bending response is 
depicted. Thus, it can be said at this stage that the utility of djs; based piezoceramic 
actuators can be exploited for applications in which torsion mode of response is of 
importance. 
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Chapter 9 
Box-Beam Active Rotor Blades 


The previous chapter clearly showed that shear-based piezoceramic actuation using 
djs is feasible for obtaining active twist. The current chapter dwells more on the 
development and validation of the concept of induced-shear-based piezoceramic ac- 
tuation in helicopter rotor blades considering a simple two-cell box cross section. 
It is known that two-cell cross-section model is closer approximation to a realistic 
rotor blade section and is a good model for preliminary design studies. Section 9.1 
discusses the structural model used for the rotor blade analysis. Rotor properties 
and rotating natural frequencies of the blade are given in this section. Section 9.2 
shows the significance of including the piezoceramic nonlinearity in the analysis. A 
discussion regarding the increase in efficiency due to the consideration of piezoce- 
ramic nonlinearity is presented. In Sect. 9.3, an open-loop analysis is performed to 
obtain the reduction in vibration by applying a smart loading with a suitable phasing. 
Section 9.4 presents the feedback control algorithm which feeds back the shear strain 
rate and in turn calculates the amount of voltage required to apply the smart loading. 
Finally, Sect. 9.5 summarizes the issues addressed in the current chapter. 


9.1 Model Details 


The basis for the formulation required for this analysis is discussed in Chap. 2. For 
the aerodynamic modeling blade element theory is used, the reverse flow effect is 
considered. The unsteady aerodynamics model developed by Leishman and Beddoes 
is used. The smart blade has a two-cell cross-section with an outer dimension of 
165.1 x 37.0mm. 

The inner details and design of the section are selected such as to provide rea- 
sonable frequencies for the rotor blade [1]. The two-cell symmetric box consists of 
a layer of piezoelectric actuator (1.0937 mm) surface bonded on the top and bottom 
of the host structure [2]. An adhesive layer (0.437 mm) is used to bond the host 
© Springer International Publishing Switzerland 2016 177 
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Fig. 9.1 Two-cell box cross section 


Table 9.1 Mechanical properties considered for simulation 
Dimensions Properties 


Width (m Units 
A-3929 (aseo 10° m 
Oo ama E E [109 muy 


Table 9.2 Rotor properties considered for simulation 


c/R = 0.06 Cr/o = 0.07 Mass per unit length, mo = 
4.912 kg/m 


Number of blades, N = 4 Radius, R = 3.81 m Bp = 0.0 
y = 5.79 Q = 40.12 rad/s 


structure with the piezoceramic layer. Below the smart and adhesive layers underlies 
the host (aluminum) as depicted in Fig. 9.1. The design and properties of the model 
used for analysis are listed in Table 9.1. Other blade and rotor characteristics are listed 
in 

Table 9.2. The blade has zero pretwist and precone and can be considered as a rotating 
active box-beam. 

For a 4-bladed soft-inplane hingeless rotor design, the 4/rev (4 times per revolu- 
tion) loads represent the main source of helicopter vibration. Numerical results are 
obtained in forward flight at an advance ratio of u = 0.3 and Cr/o = 0.07. The 
rotating blade natural frequencies calculated for such a rotor are listed in Table 9.3. 
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Table 9.3 Rotating natural Mode Frequency (per rev) 
frequencies of the blade - 

First lag 0.54 

First flap 1.05 

Second flap 2.7 

Second lag 3.4 

First torsion 5.7 


9.2 Piezoceramic Nonlinearity 


Initially, shear-based actuators have been proposed and utilized in the form of 
shear/torque tubes and sandwich structures. These kind of actuators have also been 
experimentally tested. On testing, it was found that there exists a nonlinear relation 
between the piezoelectric coefficient dıs and the applied electric field, this relation 
is also compared with the output of the tube actuator and the results seem to match 
satisfactorily. 

Shear response of the piezoceramic material like PZT-5H varies with the amplitude 
of the driving electric field. Even small amplitudes of applied electric field result in 
significant changes in the piezoelectric coefficient d;5 [3]. Hence, understanding the 
variation is important for analyzing and arriving at a proper design and performance 
of the actuator. In case of soft piezoceramics like PZT-5H the ac-dependence of the 
piezoelectric coefficients at fields above the threshold of E; = 110 V/mm could be 
well approximated as a power law [4]. The onset of nonlinearity occurs at a threshold 
value of E; = 110 V/mm. The limiting value of the amplitude of the applied voltage is 
490 V/mm for PZT-5H. Beyond this value, depoling takes place. Strain-polarization 
dependence which is linear and nonhysteric in lower fields becomes hysteric and 
nonlinear at higher fields. Here, we utilize the power law and compare the results 
for linear and nonlinear cases. A polynomial fit for dj5 in terms of applied voltage is 
obtained from the data points shown in Fig.9.2. This graph represents the nonlinear 
behavior of soft piezoceramic materials on application of an electric field. Number ‘4’ 
corresponds to PZT-5H and this is considered in the present analysis. The following 
relation is obtained from the data set for PZT-5H. Here FE, is the amplitude of the 
applied sinusoidal electric field. Note that the effect of nonlinearity between dıs and 
E, results in an increase in dj5 as E, increases. Therefore, assuming a constant djs 
results in a conservative estimate in the shear actuation which can be obtained from 
the material. 


dis = 737.3411 + 159.699 E, + 102.653 E,” — 39.006E,? +5.495E,*. (9.1) 
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9.3 Open-Loop Control 


Vibration reduction being the objective of this book, a parametric study over the 
variation in the objective function J is done on the application of a time varying 4P 
smart load. The objective function J used in the analysis can be defined as follows 


J GAY  GADY + FAY +y MEY +MY + MAY, (092) 


where the forces (F(.)) and moments (M(.5) are nondimensionalized with respect 
to moQ? R? and mo? R^, respectively. This form of objective function provides a 
useful way to convert the three forces and moments into one scalar number and has 
been used in optimization studies aimed at reducing vibration [5]. Investigation of 
the behavior of J for both bending and shear actuation is demonstrated in Figs. 9.3, 
9.4, and 9.5. These plots indicate that the variation in J for bending actuation is less 
when compared to that of torsion actuation. 

The behavior of J is studied for mainly three cases utilizing torsion actuation: 
(1) baseline case with no smart loads (2) with linear coefficient (3) with nonlinear 
coefficients. Same rotor properties and aerodynamic loading is assumed for all three 
cases. The applied field is of the form E, sin(xy + ®) where x is 3/rev, 4/rev, or 5/rev. 
So, the applied smart loading is 3/rev, 4/rev, or 5/rev with a certain phasing. The phase 
® is found such that J is minimized, for a given E4. The percentage reduction in J 
from the baseline case, both for linear coefficients (case 2) and nonlinear coefficients 
(case 3) 1s plotted in Fig. 9.6. It could be deduced from this figure that the reduction in 
vibration obtained at 350 V in the linear case is achievable at 204 V in the nonlinear 
case. So, the factor is around 0.58 times of the amplitude of the voltage required in the 
linear case. Hence, if the nonlinear law is used, applied voltage could be reduced to 
quite an extent. Using the nonlinearrelation, amplitude of the applied voltage required 
to achieve a certain vibration reduction is much less compared to that in linear case. 
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Fig. 9.3 Variation of J with 
phase at 3/rev smart load for 
torsion and bending 
actuation 
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Fig. 9.4 Variation of J with 
phase at 4/rev smart load for 
torsion and bending 
actuation 
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The peak of the curve of the nonlinear variation (high reductions) corresponds to 
the regime between 275—325 V. On an increase in amplitude of the applied potential 
in this regime, very less variation is visible correspondingly in J. Highest reduction 
being 51.4% corresponding to an amplitude of 300 V. The comparisons of Fy, Fy, 
F., M,, My, and M, with smart loading (300 V with nonlinear shear coefficients) 
and baseline is shown in Fig.9.7. Here, these forces and moments are normalized 
by rotor thrust and rotor torque, respectively. Longitudinal, lateral, and vertical hub 
loads have reduced by about 29.7, 18.2 and 15.8 %, respectively and roll, pitch, and 
yaw moments have reduced by 40.2, 83.8, and 2.6 %, respectively. 
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Fig. 9.5 Variation of J with phase at 5/rev smart load for torsion and bending actuation 
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Fig. 9.6 Variation in reduction of vibration with increase in amplitude of voltage-open-loop control 


9.4 Closed-Loop Control 


The above discussion was based on applying a sinusoidal voltage to the rotor blades. 
Following is the analysis based on feedback control in which the shear strain rate 
is sensed and then fed to the actuator, resulting into a smart loading. One of the 
main advantages of smart structure actuation is the possibility of development of a 
controller based on measurements in the rotating system. This allows the development 
of a fixed gain controller. In addition, the self-sensing capability of piezoceramic 
actuators can be exploited. The upper and lower bounds for the amplitude of the 
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applied potential are kept as +400 V, keeping in mind the depoling limit. A simple 
control algorithm (Fig. 9.8) describes the method by which the closed-loop control 
works. 

The algorithm senses the time rate of change of strain, locations for the sensors 
could be anywhere on the rotor blade. This being a finite element formulation, Gauss 
points can be selected as locations for measuring the strain rate. Here, 4/; /7 in the 
second element from the root is selected as the location for the sensor. Here /; is the 
elemental length. 

It is known that maximum strain exists near the root element. Sensor location 
studies for active structural response have been performed by [6]. After the time rate 
of change of strain (£) is obtained, Fast Fourier Transform (FFT) over this is done 
to obtain the coefficients corresponding to different harmonics. Only 3/rev, 4/rev, 
5/rev components are considered as these contain information about the higher har- 
monic forcing experienced by the rotor. This is the initial step of the control algorithm. 
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Second is to find out sensed voltage as a function of the gains and the above-mentioned 
coefficients. Here, three gains are calculated corresponding to 3/rev, 4/rev, 5/rev com- 
ponents to minimize the objective function J while keeping the maximum potential 
within +400 V to prevent depoling. Third is to supply the rms (root mean square) 
value of the sensed voltage to the nonlinear power law to compute the shear coef- 
ficients dıs. Finally, after these coefficients are calculated, the smart loading to be 
applied on the rotor blade is calculated. 

Finite element analysis in space and time is done to obtain the corresponding 
objective function J (measure of vibration) and the hub loads and moments. For the 
best case comparisons of F,, Fy, Fz, Mx, My, and M, with smart loading (sensed 
voltage with nonlinear shear coefficients, closed-loop control) and baseline is shown 
in Fig. 9.9 for an advance ratio of 0.3. Figure 9.10 compares the variation of torsional 
deflection atthe blade tip with azimuth angle for baseline and closed-loop control. The 
controller changes the higher harmonic content of the torsion response and by doing 
so reduces the helicopter vibration. Longitudinal hub load has increased by 3.8 % 
while lateral and vertical hub loads have reduced by about 1.9 and 18 96, respectively. 
Roll and pitch moments have reduced by 6 and 89 and yaw moment has increased by 
3 96, respectively. An overall reduction of 43 % is obtained. Reduction in hub forces 
and moments for an advance ratio of 0.2 are shown in Fig. 9.11. Figure 9.12 compares 
the variation of torsional deflection at the blade tip with azimuth angle for baseline 
and closed-loop control. In this case, the controlled response shows a considerable 
increase in higher harmonic content compared to the baseline blade. Note that while 
the three forces and the yawing moment are less for u = 0.2 compared to u = 0.3, 
the roll and pitch 4/rev moments are larger, requiring a different type of active twist 
for its suppression. A notable reduction of 30 and 83 % is obtained in roll and pitch 
moments respectively, with an overall reduction in vibration of 59 96. 

In this chapter, the controller was tuned for optimum gains at the different advance 
ratios. The physics of helicopter flow being complicated, the aeroelastic and nonlinear 
effects governing helicopter vibration are different at different forward speeds. This 
requires different controller gains at different forward speeds. However, it should be 
noted that these gains are fixed and not variable. The implementation of active twist 
control on a helicopter rotor would therefore require controller gains to be obtained 
for a variety of flight conditions within the helicopter flight envelope. In this way, it is 
similar to the implementation of the IBC concept. Chattopadhyay et al. [7] mentions 
that, in general, among all six vibratory hub loads, the pitching moment and the 
rolling moment contribute most to the vehicle vibration. As seen from Figs. 9.9 and 
9.11 the pitching moment is dominant among the 4/rev hub loads at u = 0.3 and 
the roll and pitch moments are dominant at u = 0.2. The choice of the objective 
function J is therefore useful for reducing the dominant 4/rev loads as can be seen 
from the results. The results in Figs.9.9, 9.10, 9.11 and 9.12 clearly show that the 
controller gains can be tuned to different flight conditions and give considerable 
vibration reduction using piezoceramic actuation. 
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Fig. 9.9 Reduction in hub forces and moments with closed-loop control at advance ratio of 0.3 
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Fig. 9.10 Torsional deflection with closed-loop control at advance ratio of 0.3 


9.5 Summary 


Based on the governing equations obtained for smart helicopter rotor blades with sur- 
face bonded piezoceramic actuators, vibration reduction, piezoceramic nonlinearity, 
open-loop control, and closed-loop control have been investigated. The nonlinear 
relationship between the piezoelectric shear coefficient and applied ac-field is repre- 
sented as a polynomial curve fit. The nonlinear effects are investigated by applying a 
sinusoidal voltage to the helicopter rotor blade. The rotor blade is modeled as a two- 
cell box section with piezoelectric layers surface bonded to the top and bottom of the 
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Fig. 9.11 Reduction in hub forces and moments with closed-loop control at advance ratio of 0.2 
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Fig. 9.12 Torsional deflection with closed-loop control at advance ratio of 0.2 


blade. Comparison of results with linear and nonlinear shear coefficients is presented. 
Use of nonlinear relationship (compared to linear) to achieve targeted reductions in 
strains or displacements result in a reduction in the requirement of applied amplitude 
of the sinusoidal field. A strain rate feedback control law is implemented which feeds 
back the higher harmonics of the time rate of change of strain in azimuthal direction. 
The sensed voltage is then applied to the rotor blade resulting in a vibration reduction 
for a 4-bladed, soft-inplane hingeless rotor in forward flight. The numerical results 
obtained in this chapter at different forward speeds clearly show the feasibility of 
using shear (dıs) based actuation for helicopter vibration control. 
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Chapter 10 
Airfoil-Section Rotor Blades 


The work done in the previous chapter is further extended to the design of a two-cell 
airfoil cross-section which is a more realistic model of the helicopter rotor blade. 
Optimum actuator placement, the effect of the current active twist concept on key 
characteristics such as blade loads, aeromechanical stability, and trim controls is 
investigated. Aeroelastic analysis of the rotor blade is very important in the case of 
any refinement in the structural or aerodynamic model. Since the incorporation of 
piezoceramic changes the blade structural characteristics, it is important to ensure 
that the benefits gained due to the refinement should not be detrimental to the other 
aspects of the rotor such as performance, trim, and stability. Section 10.1 describes 
the adopted design of the airfoil section its properties. Selected validation studies are 
performed in Sect. 10.2 for the basic performance of the adopted model. Basic per- 
formance includes the investigation for the main rotor power coefficient. Section 10.3 
discusses the optimum placement of the actuators along the blade span at advance 
ratios of 0.2 and 0.3. The yardstick used to determine the optimum placement is 
the reduction in vibration. In Sect. 10.4, the influence of active twist on flap, lag, 
and torsion response of the blade is discussed. The amount of twist generated due 
to the induces shear mechanism is depicted. Section 10.5 discusses the variation in 
the rotating frame blade root loads and the first six harmonics of the blade due to 
active twist. The reduction in hub loads due to active twist is discussed in Sect. 10.6. 
Aeromechanical stability determines whether the system becomes unstable due to 
the introduction of the new piezoceramic material and is discussed in Sect. 10.7. 
In Sect. 10.8, the change in the rotor power and trim angles due to active twist is 
presented. Last, Sect. 10.9 summarizes the work done in this chapter. 


10.1 Model Details and Structural Properties 


Although many studies consider helicopter blades to be box beams, a more realistic 
model is to consider it as an airfoil section [1]. Typically, helicopter rotor blades are 
thin-walled sections except near the blade root where they are thick-walled sections. 
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Table 10.1 Rotor properties considered for simulation 


c/R — 0.075 Root cutout = 20.45 % 
Number of blades, N = 4 Bp = 2.5° 
Ory = —11.20° o = 0.096 


However, for preliminary design, a thin-walled cross-section model of the blade is 
approximate. To avoid any unrealistic results due to modeling the blade root as a 
thin-walled section, we do not consider the root location for actuator placement. A 
NACA 0012 airfoil section with a two-cell internal structure is developed such that 
it dynamically represents a real rotor. The first axial, flap, lag, and torsion rotating 
natural frequencies are matched with that of the Advanced Light Helicopter (ALH) 
rotor made by Hindustan Aeronautics Limited. The airfoil cross-section (chord = 
50 cm) details are shown in Fig. 10.1. It can be observed that the piezoceramic layer 
is laid between outer skin and the spar in the cross-section, both on top and bottom. 
This prevents the wear and tear of the piezoceramic layer. The width of the piezo- 
ceramic layer is 5.75cm and height is 0.1 cm. The piezoceramic layer is bonded to 
the surface of the airfoil by an adhesive layer of thickness 0.025cm. Rotor blade 
being nonuniform, mass per unit length, airfoil thickness, and the width of the spar 
are variables along the span of the rotor blade. For the aerodynamic modeling, a free 
wake model developed by Bagai—Leishman [2] is used along with the reverse flow 
and unsteady aerodynamics model developed by Leishman and Beddoes. Blade and 
rotor characteristics are listed in Table 10.1. Note that the rotor blade has a large 
radius of 6.6m and a high lock number of 9.98. In addition, the blade has pretwist 
and precone. 
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Fig. 10.1 Schematic of cross-section of rotor blade with piezoelectric actuators 
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Table 10.2 Rotating natural Mode Frequency (per rev) 
frequencies of the blade - 

First lag 0.68 

First flap 1.09 

Second flap 2.56 

Second lag 3.92 

Third flap 4.41 

First torsion 4.66 

Fourth flap 6.74 

Fifth flap 9.76 


The rotor blade is divided into five finite elements. The selected finite element is 
a 15 degree of freedom model, which is explained in detail in Chap. 2. The blade 
finite element structural properties are a smeared representation of the actual ALH 
rotor blade. Consequently, the spatial variation of elements is not same due to the 
dependency on the varying mass and stiffness distribution in the blade. To reduce 
computational time, the first eight normal modes are used for the modal analysis. 
Six time finite elements are used for discretization in the azimuthal direction. Stabil- 
ity analysis includes both rotor blade and fuselage degrees of freedom. Numerical 
results are obtained in forward flight at an advance ratio of u = 0.2, 0.3 and Cr/o = 
0.0708. The rotating blade natural frequencies calculated for such a rotor are listed 
in Table 10.2. We see that the frequencies represent a soft inplane hingeless rotor 
with a reasonably high-torsion frequency. For most rotors, torsion frequency ranges 
from 3/rev to 6/rev and has a critical role in active twist concept. The box beam blade 
considered in the last chapter had a first torsion frequency of 5.7/rev. 
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Fig. 10.2. Variation of ET, for PZT-5H rotor 
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Fig. 10.3 Variation of ET. for PZT-5H rotor 


Span-wise stiffness and mass variation for the PZT-5H-based rotor are depicted in 
Figs. 10.2, 10.3, 10.4, 10.5, 10.6, 10.7, and 10.8. Chord/radius ratios for all elements 
except the first element from the root is kept same. The first element is smaller by 
17 % than the other four elements. As seen from Fig. 10.2, the flap stiffness 1s highest 
at the root and decreases outboard. For the lag stiffness, the lowest stiffness occurs at 
the root as seen from Fig. 10.3. It could be seen from Fig. 10.4 and that the element 
spanning from 0.4—0.6L has the least torsion stiffness among all the elements from 
0-L, while the torsion stiffness at the root is quite high. The mass distribution in 
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Fig. 10.4 Variation of GJ for PZT-5H rotor 
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Fig. 10.5 Variation of E A for PZT-5H rotor 
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Fig. 10.6 Variation of m/m for PZT-5H rotor 


Fig. 10.6 shows high mass at the root and lowest mass at the tip. However, km1” 
and km” show a low value at the root and at 0.4—0.8L regions and higher values 
at 0.2—0.4L and at the tip. The important point to note here is that for a real rotor 
blade, the mass and stiffness properties show a considerably nonuniform distribution 
along the blade span which can have considerable influence on blade dynamics and 
aeroelastic behavior. 
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Fig. 10.7 Variation of km;? for PZT-5H rotor 
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Fig. 10.8 Variation of km * for PZT-5H rotor 


10.2 Validation Studies 


For validating the overall aerodynamics and the rotor blade model, basic performance 
predictions at steady forward flight are compared with available flight test data for 
ALH. Main rotor power predictions are shown in Fig. 10.9 for nondimensional thrust 
coefficient Cr /o of 0.05848 and 0.0708, respectively. Satisfactory trends in the 
power coefficients results are obtained at all flight speeds with a decline in the power 
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required at lower speeds followed by an increase at very high speeds. The power 
required to hover as obtained from closed form relations is also shown. However, 
there is a slight underprediction at higher speeds and overprediction at low speeds 
but the trend is correctly captured. 

Note, however, that the rotor used here is an academic approximation of a real 
rotor and has not been developed for a validation study. The purpose of the model is 
to ensure a rotor blade which is sufficiently similar to a real blade to allow use in a 
feasibility study. 


10.3 Actuator Placement 


Actuator placement is investigated with the help of numerical simulation and using 
the closed-loop controller discussed in the previous chapter. For the closed-loop 
controller shear strain rate is sensed and then fed to the actuator, resulting into a 
smart loading. The upper and lower bounds for the amplitude of the applied potential 
are kept as +400 V. The control algorithm shown in Fig. 9.8 of Chap. 9 describes the 
method by which the controller works. 
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Fig. 10.9 Nondimensional main rotor power coefficient with respect to advance ratio 
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Optimal placement of actuators is investigated by comparing the amount of reduc- 
tion obtained on varying the placement of actuators. Here placement means that a 
particular actuator is active, i.e., a voltage is applied to it and the nonactive actuator is 
dormant., i.e., no voltage is applied to it. Note, that removing an actuator physically 
would change the baseline blade dynamics due to mass and stiffness changes. As 
shown in Figs. 10.10 and 10.11, three sets of analysis were performed for achieving 
the optimum location of the actuators for advance ratios of 0.2 and 0.3. 

The first set involves the placement of a single actuator in the rotor blade such 
that it attains maximum reduction in vibration. The first element from the root is not 
included in the analysis because of the difficulty of placement of actuator near the root 
area. The root area combines a thick-walled section leading to flexure-like structure. 
Housing of an actuator section in this area is difficult and is avoided to obtain a 
conservative design. Here, the blade is divided into five spatial elements (including 
the root-cutout area). Among the five spatial elements (0—L), in which the actuators 
could be placed, the third element from the root (0.4—0.6L) is found to be effective. 
This results in a vibration reduction of 45 and 36 percent for advance ratios of 0.2 
and 0.3, respectively. The third element spans 40—60 % of the blade length from the 
root end. The second set in the analysis contributes to finding the efficient locations 
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Fig. 10.10 Optimal location of actuators at advance ratio of 0.2 
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Fig. 10.11 Optimal location of actuators at advance ratio of 0.3 


for two actuators. The placement of actuators in the second and third elements is 
found to be better than other locations, leading to a reduction in vibration of about 
63.5 and 56.7 % for advance ratio of 0.2 and 0.3, respectively. The second and third 
elements span are 20—60 96 of the blade length. The analysis for the last set involves 
the process of locating the best locations for three actuators. Placements in second, 
third, and fourth elements were found to be the most profitable in terms of vibration 
reduction. A vibration reduction of 69 and 66% for advance ratio of 0.2 and 0.3, 
respectively, was achieved for this case. Here, the elements span are 20—80 % of the 
blade length. Apart from the amount of reduction, it is important to notice that with 
the increase in the number of actuators from one to two has a considerable difference 
in reduction when compared to increment from two to three. Hence this analysis 
helps in concluding that the positioning of actuators in the second, third, and fourth 
number of elements from the root is useful. In general, for the rotor studied here it 
appears that the center locations are better than the locations near the root or the tip. 
This could be because the torsional stiffness at these elements is lower than at the 
root, and these locations are structurally more significant than the tip elements. 
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Utilizing the profitable locations of actuators, the aeroelastic analysis is conducted 
to study the effect of the closed-loop controller on blade response, blade and hub 
loads, aeromechanical stability, trim controls, vehicle orientation, power, and vibra- 
tion reduction. For these results, actuators are placed at the second, third, and fourth 
elements as obtained from the placement study. 


10.4 Blade Response 


A strain rate feedback law discussed in detail in the previous chapter is utilized to 
calculate the smart loading applied to the structure. The application of the smart 
loading changes the blade response when compared to the baseline. Figures 10.12, 
10.13 and 10.14 illustrate the difference in the lag, flap, and torsion blade tip response 
with and without the smart loading at an advance ratio of 0.2. Figures 10.15, 10.16 
and 10.17 depict the difference in the lag, flap, and torsion blade tip response with 
and without smart loading at an advance ratio of 0.3. There is an increase in the 
higher harmonic component of the torsion response which is the active twist of 
the blade. In addition, the lag response shows a substantial increase in the higher 
harmonic content, whereas the flap response shows relatively less higher harmonic 
content. Note that elastic torsion couples all the motion of the helicopter blade. This 
is because a blade section experiences a pitch angle given as 0) + d, where 6) is the 
pitch input given by the pilot and ó(r, W) is the elastic twist which varies as a function 
of r and y. Controlling the twist therefore allows one to control the various elastic 
displacements of the blade because the lift, drag, and pitching moment at a blade 
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Fig. 10.12 Lag response at an advance ratio of 0.2 for baseline and closed-loop control cases 
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Fig. 10.13 Flap response at an advance ratio of 0.2 for baseline and closed-loop control cases 
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Fig. 10.14 Torsion response at an advance ratio of 0.2 for baseline and closed-loop control cases 


section directly depend on the pitch. We also note that according to Nitzsche and 
Breitbach, the lag and torsion mode are critical to helicopter vibration. We also see 
that active twist is able to change the lag and torsion response and therefore effect the 
4/rev loads. In general, the lag and torsion response are less sensitive to centrifugal 


200 10  Airfoil-Section Rotor Blades 


-0.01 


-0.015 + 
"4 r 
Z 
> -0.02 
un 
C 
O 
> -0.025 
o 
aq 
c 
S -003 
cL 
cz 

-0.035 





—— baseline 
"1" Closed loop 
0 50 100 150 200 250 300 350 400 
Azimuth ange (degrees) 


Fig. 10.15 Lag response at an advance ratio of 0.3 for baseline and closed-loop control cases 
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Fig. 10.16 Flap response at an advance ratio of 0.3 for baseline and closed-loop control cases 


stiffening compared to flap response so changes in rotor aeroelastic behavior is easier 
to obtain by changing them. 

Figures 10.18 and 10.19 show the active twist obtained (difference in the torsion 
response between baseline case and closed-loop control case) at advance ratio of 0.2 
and 0.3, respectively. An active twist ranging from — 1? to 0.8? is obtained at y = 
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Fig. 10.17 
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Fig. 10.18 Difference in torsion response at an advance ratio of 0.2 for baseline and closed-loop 
control cases 


0.2 and ranging from —2° to 2? is obtained at u = 0.3. In addition, the active twist 
consists of higher harmonics of the rotor speed which results in cancelation of the 
higher harmonic airloads acting on the rotor. The closed-loop controller inherently 
considers the nonlinear relation between the amplitude of the driving electric field and 
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Fig. 10.19 Difference in torsion response at an advance ratio of 0.3 for baseline and closed-loop 
control cases 
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Fig. 10.20 Rotating frame blade root load Fy at an advance ratio of 0.2 for baseline and closed-loop 
control cases 


the piezoelectric coefficient dj5. A strong nonlinear increase in dıs with the applied 
electric field results in considerable strain actuation resulting in a moderately high- 
active twist. 
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Fig. 10.21 Rotating frame blade root load Fy at an advance ratio of 0.2 for baseline and closed-loop 
control cases 
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Fig. 10.22 Rotating frame blade root load F, at an advance ratio of 0.2 for baseline and closed-loop 
control cases 


10.5 Blade Loads 


The rotating frame blade loads are first compared with and without feedback control 
for advance ratios of 0.2. This gives an idea regarding the variation in rotating frame 
hub loads when the controller is switched on. Figures 10.20, 10.21, 10.22, 10.23, 
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Fig.10.23 Rotating frame blade root load Mx at an advance ratio of 0.2 for baseline and closed-loop 
control cases 


10.24, and 10.25 show the variation of six blade root loads along the azimuth for 
an advance ratio of u = 0.2. Figures 10.26, 10.27, 10.28, 10.29, 10.30, and 10.31 
show the first six harmonics for the six loads. There is a considerable decrease in 
the higher harmonic content of F, and F, as seen in Figs. 10.20 and 10.21 from the 
reduction of the 4/rev loads in Figs. 10.26 and 10.27. There is also a reduction in 
the 3/rev and 4/rev harmonics of F, as seen from Fig. 10.28. There appears to be a 
considerable increase in the higher harmonic content of the torsion moment M, as 
shown in Fig. 10.23 and also from Fig. 10.29 where an increase in the 5/rev moment 
occurs due to the controller. M, and M. also show a reduction in higher harmonic 
content as seen from Figs. 10.24, 10.25, 10.30, and 10.31. In particular, there is a 
larger decrease in the 4/rev M. moment. 

The 1/rev blade root loads in Figs. 10.26, 10.27, 10.28, 10.29, 10.30, and 10.31 
do not show much change due to the controller. However, the 2/rev show a small 
increase in some cases. The 3/rev, 4/rev, and 5/rev loads in the rotating frame which 
are the source of 4/rev loads in the fixed frame are almost universally reduced with 
considerable reduction in the 4/rev F, and F, loads and the 4/rev M. moment. 
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Fig.10.24 Rotating frame blade root load M, at an advance ratio of 0.2 for baseline and closed-loop 
control cases 
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Fig. 10.25 Rotating frame blade root load M, at an advance ratio of 0.2 for baseline and closed-loop 
control cases 
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Fig. 10.26 Harmonics of blade root rotating frame load Fy at an advance ratio of 0.2 for baseline 
and closed-loop control cases 
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Fig. 10.27 Harmonics of blade root rotating frame load Fy at an advance ratio of 0.2 for baseline 
and closed-loop control cases 
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Fig. 10.28 Harmonics of blade root rotating frame load F, at an advance ratio of 0.2 for baseline 
and closed-loop control cases 
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Fig. 10.29 Harmonics of blade root rotating frame load My at an advance ratio of 0.2 for baseline 
and closed-loop control cases 


Next, results are obtained at u = 0.3. The six blade root loads are shown in 
Figs. 10.32, 10.33, 10.34, 10.35, 10.36, and 10.37 along the azimuth. Figures 10.38, 
10.39, 10.40, 10.41, 10.42, and 10.43 show the first six harmonics of the six blade 
root loads. It can be seen that at u = 0.3, the I/rev and 2/rev F, and M, loads 
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Fig. 10.30 Harmonics of blade root rotating frame load M, at an advance ratio of 0.2 for baseline 
and closed-loop control cases 
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Fig. 10.31 Harmonics of blade root rotating frame load M, at an advance ratio of 0.2 for baseline 
and closed-loop control cases 


show an increase, which can result in high dynamic stresses at the blade root which 
is where the highest dynamic stresses occur for hingeless rotors. The 4/rev F, and 
F, loads and the 4/rev M; moment are substantially reduced at u = 0.3 as shown 
in Figs. 10.38, 10.39, and 10.43, in a manner similar to the results at u = 0.2 in 
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Fig. 10.32 Rotating frame blade root load F, at an advance ratio of 0.3 for baseline and closed-loop 
control cases 
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Fig.10.33 Rotating frame blade root load Fy at an advance ratio of 0.3 for baseline and closed-loop 
control cases 


Figs. 10.26, 10.27, and 10.31. The higher harmonic content of M,, however, goes up 
as seen in Figs. 10.35 and 10.41. It should be noted that since the magnitude of M, is 
much lesser than M, and M, for this rotor, there is an increase in the 4/rev moment. 
The active twist rotor therefore leads to higher harmonic torsional moments on the 
blade which can result in increased pitch-link loads. These issues of higher dynamic 
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Fig. 10.34 Rotating frame blade root load F, at an advance ratio of 0.3 for baseline and closed-loop 
control cases 


x 10^ 


1.5 ———I 
— baseline 
UN umn Closed m 





D 50 100 150 200 250 300 350 400 
Azimuth angle (degrees) 


Fig. 10.35 Rotating frame blade root load M, at an advance ratio of 0.3 for baseline and closed-loop 
control cases 


stresses and increased pitch-link loads need to be addressed during the structural 
design of an active twist rotor. 
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Fig.10.36 Rotating frame blade root load M, at an advance ratio of 0.3 for baseline and closed-loop 
control cases 
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Fig. 10.37 Rotating frame blade root load M, at an advance ratio of 0.3 for baseline and closed-loop 
control cases 


10.6 Hub Loads 


Minimization of the objective function J is done to calculate controller gains. The 
objective J was discussed in detail in Sects.9.3 and 9.4 of the previous chapter and 
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Fig. 10.38 Harmonics of blade root rotating frame load Fy at an advance ratio of 0.3 for baseline 
and closed-loop control cases 
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Fig. 10.39 Harmonics of blade root rotating frame load F, at an advance ratio of 0.3 for baseline 
and closed-loop control cases 
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Fig. 10.40 Harmonics of blade root rotating frame load F, at an advance ratio of 0.3 for baseline 
and closed-loop control cases 
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Fig. 10.41 Harmonics of blade root rotating frame load M, at an advance ratio of 0.3 for baseline 
and closed-loop control cases 
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Fig. 10.42 Harmonics of blade root rotating frame load M, at an advance ratio of 0.3 for baseline 
and closed-loop control cases 
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Fig. 10.43 Harmonics of blade root rotating frame load M. at an advance ratio of 0.3 for baseline 
and closed-loop control cases 
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represents a measure of vibratory hub loads. Figure 10.44 depicts the reduction in the 
hub forces for advance ratio of 0.2 and 0.3, respectively. Note that for the helicopter 
rotor used in this chapter, the three 4/rev forces and yawing moment is more dominant. 
The 4/rev hub vertical shear is the dominant source of vibration in many helicopters. 
Individual reductions of 16.33, 23, 14.26, 12.10, 44.3, and 88.3 % take place in F,g, 
Fyp, Fox, My, Myx, M;g, respectively, for an advance ratio of 0.2. Reductions of 
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Fig. 10.44 Comparison of 4/rev hub loads between baseline and closed-loop control cases at 
u = 0.2 and u = 0.3 
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44, 36.6, 20.3, and 91.6 take place in F;g, My, Myy, and M;g, respectively, with a 
slight increment of 3.9 and 10.6 96, respectively in Fy and Fy for an advance ratio 
of 0.3. Therefore, considerable reduction in hub loads can be obtained using active 
twist. Note that in this chapter, we have considered a rotor which is quite different 
compared to the box beam blade used in the previous chapter. However, for both 
these rotors, the active twist concept has shown a substantial reduction in the 4/rev 
hub loads. This shows that the control approach developed in this book can be used 
for different helicopter configurations and is quite general. 


10.7 Aeromechanical Stability 


Rotor and fuselage degrees of freedom are included for air resonance calculations. 
Typically, soft-inplane hingeless rotors are susceptible to air resonance instability 
which occurs due to the coupling of rotor and fuselage motions. Soft-inplane hinge- 
less rotors are those which have a first lag frequency below l/rev and are the main 
class of hingeless rotors. The effect of controller on the eigenvalues of the system 
can be observed if these are compared with the eigenvalues of the baseline case. 
The eigenvalues near the imaginary axis are critical for the stability of the system 
and hence the damping ratio of these critical low-damped eigenvalues are plotted in 
terms of percentage in Fig. 10.45. 

Damping ratio for an eigenvalue A is defined as —Re(A)/|A|. For ju = 0.2 the 
lowest damped mode (a coupled lag-body mode) shows a very small reduction in the 
damping. For = 0.3, the critical damped mode shows a small increase in damping 
when the closed-loop controller is switched on. Therefore, for the given rotor, the 
active twist does not appear to have any significant detrimental impact on stability. 
Since stability does not consider the constant forcing term which is the main effect 
of piezoceramic actuation, the effect of the induced active twist on aeromechanical 
stability is very small. 


10.8 Trim Angles and Rotor Power 


Propulsive trim or free flight trim is performed here, where it is assumed that the 
engine supplies all the power required to maintain the flight condition. For a steady 
flight condition propulsive trim solution is obtained by solving three force (vertical, 
longitudinal and lateral) and three moment (pitch, roll, and yaw) vehicle equilibrium 
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Fig. 10.45 Change in damping between baseline and closed-loop control cases for first seven lowest 
damped modes at u = 0.2 and u = 0.3 


equations. Further, for a specified gross weight and level flight speed the trim solution 
gives the rotor pitch controls: collective 69, cyclic 01c, cyclic 0,, and tail rotor pitch; 
collective 0, (tail). Required main rotor power is also calculated. No significant 
difference is found between the rotor power required by the baseline case when 
compared to closed-loop control case. Comparison of the difference in values in 
control angles for the baseline case with that of the closed-loop control case shows 
no appreciable change as can be seen from the Fig. 10.46. The magnitude of control 
angles is plotted in terms of degrees. Therefore, the pilot has to make only very small 
adjustments to the trim control angles to adjust for the active twist controller. The 
reason for this behavior is that controller only gives higher harmonic inputs which do 
not affect the steady loads. In addition, the active twist controller is separate from the 
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Fig. 10.46 Comparison of trim angles at advance ratio of 0.2 and 0.3 before and after closed-loop 
control 


helicopter primary control and represents a noncritical component of the helicopter 
in the sense that even its complete failure will not jeopardize the mission of the 
helicopter. 


10.9 Summary 


Induced shear-based mechanism is used for attaining active twist in a soft-inplane 
hingeless rotor with a two-cell NACA 0012 airfoil cross-section. The rotor properties 
dynamically represent a real soft-inplane hingeless rotor. Finite element analysis of 
a rotor blade is done in space and time domain in the framework of a time domain 
unsteady aerodynamic environment and a free wake model. A closed-loop controller 
is developed to obtain the optimum voltage required to be given to the rotor blade 
for obtaining twist using strain rate feedback. The significant nonlinear relationship 
which exists between piezoelectric shear coefficient and applied electric field is 
included in the controller design. The piezoelectric actuators are placed on the top and 
bottom of the web, inside the skin of the two-cell airfoil section. Actuator placement 
locations are explored at an advance ratio of 0.2 and 0.3 using closed-loop control 
with only one, two, and three actuators, respectively. Here, each actuator spans are 
20% of the blade length. The aeroelastic properties of the active twist controlled 
rotor are studied and the effects of the controller on blade response, blade and hub 
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loads, aeromechanical stability, and trim control angles are evaluated. It is found 
that active twist designed for vibration reduction does not have much influence on 
aeromechanical stability and trim control angles which increase the feasibility for 
applications. This chapter therefore clearly shows the possibility of shear-induced 
active twist as a strong contender for vibration reduction in helicopter rotors in 
forward flight. 


References 


1. Thakkar, D., Ganguli, R.: Induced shear actuation of helicopter rotor blade for active twist 
control. Thin Walled Struct. 45(1), 111—121 (2007) 

2. Bagai, A., Leishman, J.G.: Rotor free-wake modeling using a pseudo-implicit technique— 
including comparisons with experimental data. J. Am. Helicopter Soc. 40(3), 29-41 (1995) 


Chapter 11 
Dynamic Stall Alleviation Using Active Twist 


In the previous chapters, moderate speed regimes of the helicopter have been 
explored, where flow separation and stall is not so important. However, it is possible 
that substantial flow separation on the rotor may cause very high levels of vibrations 
which active twist may not be able to reduce. The current chapter presents a method- 
ology to directly suppress the flow separation-induced vibration in a helicopter rotor. 
As we shall see in this chapter, large stroke is needed to suppress vibration induced by 
stalled flow which then needs application of new and novel piezoceramics. Emerging 
materials such as single-crystal piezoceramics have a potential to meet the increasing 
demand of stroke in smart material applications. This chapter addresses the problem 
of vibration suppression using both single-crystal piezoceramics and soft piezoce- 
ramics. Section 11.1 introduces the single-crystal piezoceramics and highlights the 
importance of these materials over conventional soft piezoceramics. Section 11.2 
presents the two airfoil models used for aeroelastic analysis. Section 11.3 discusses 
the structural properties of the rotor blade. In Sect. 11.4, importance of including 
dynamic stall and flow separation in the aeroelastic analysis is highlighted. Sec- 
tions 11.5 and 11.6 discusses the optimum placement of the actuators in the presence 
of dynamic stall, unsteady flow separation, and free wake at high-speed forward flight. 
Section 11.7 discusses about the robustness of the feedback loop control algorithm. 
Robustness of the controller is verified by introducing random noise to the sensed 
variable. Reduction in vibration obtained using the shear actuation mechanism with 
both PZT-5H and PZN-8%PT (111) is discussed in Sect. 11.8. In Sect. 11.9, angle of 
attack distributions over the rotor disk is investigated and twice per revolution control 
is implemented to achieve the reduction in angle of attack over the rotor disk and to 
reduce the boundaries of the dynamic stall region. Actuator failure/degradation is one 
of the practical challenges which could occur in flight. Loss in reduction due to this 
shortcoming is addressed in Sect. 11.10. Finally, Sect. 11.11 closes by summarizing 
the important contributions made in this chapter. 
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11.1 Single-Crystal Piezoceramics 


Typical piezoelectric materials such as PZT-5H have stroke limitations. There are 
limits to the use of high electric fields to increase actuator authority due to increas- 
ing complexity and bulky nature of the required electronic equipment and the risk 
of depoling. Relaxor-based single-crystal piezoelectrics have been developed in 
recent years and promise substantial increase in bandwidth, sensitivity, and a high 
energy density. Piezoelectric properties of PZN-PT type single crystals with (001)- 
orientation have been found to possess large direct piezoelectric coefficients (d33, d31) 
which are almost of the order of 10 times that of a soft piezoceramic-like PZT-5H. 
However, the shear coefficient, dıs of these materials is relatively poor as com- 
pared to soft piezoceramics-like PZT-5H, and their applications have been limited to 
those requiring direct strain. Of recent, Liu et al. [1] reported that the piezoelectric 
shear coefficient dıs of PZN-4.5 %PT and PZN-8%PT crystals oriented in (111) is 
very high as compared to the conventional soft piezoceramic materials. At the same 
applied electric field, PZN-8%PT was found to have a much higher dıs than PZT-5H. 
Thus, PZN-8%PT was proposed to be a promising material for applications involving 
shear transducers. Interestingly, this new material fits in very well with our concept 
of active twist blade. The shear mode properties of these lead-based single crystals 
have also been investigated by Peng et al. [2]. PZN-896PT is linear within the range 
of 210 V/mm. For this material, dıs is calculated to be 18750e-9 mm/V (at 200 Volt). 
This value is almost 10 times the value of d,s for PZT-5H at 400 V and 13 times 
the value at 200 Volt. As a result, the amount of strain generated with the help of 
this kind of single crystal is appreciable and proves to be very useful in generating a 
higher amount of twist leading to a higher vibration reduction, especially at higher 
advance ratios. Large size single crystals are now commercially available at reduced 
costs [3]. The Young's modulus of PZN-8%PT is almost double as that of aluminum 
and PZT-5H. Density is marginally higher as compared to that of PZT-5H. 


11.2 Rotor Blade Model 


In the previous chapter, a NACA 0012 airfoil section with a two-cell internal structure 
was developed such that it dynamically represents a real rotor. The first flap, lag, and 
torsion rotating natural frequencies were matched with that of the Advanced Light 
Helicopter (ALH) rotor (4 bladed hingeless rotor) for the PZT-5H material. The air- 
foil cross-section (chord-50 cm) details are shown in Fig. 10.1. Rotor properties are 
the same as mentioned in Table 10.1 in the previous chapter. Note that the rotor blade 
has a large radius of 6.6 m and a high lock number of 9.98. In addition, the blade has 
pre-twist and pre-cone. It can observed that the piezoceramic layer is laid between 
outer skin and the spar in the cross-section, both on top and bottom. This prevents 
the wear and tear of the piezoceramic layer. The width of the piezoceramic layer is 
5.75 cm and height is 0.1 cm. The piezoceramic layer is bonded to the surface of the 
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Table 11.1 Properties considered for simulation 


Aluminum 
Young's modulus (10? MPa) 68.94 
Density (e/m) 7700 
ds (10-" mV) 11875000 Vol) [9289 400 Vol) |- |- 


Table 11.2 Rotating blade natural frequencies and vibration reduction 
Mode Frequency (per rev) 


u=0.3 


airfoil by an adhesive layer of thickness 0.025 cm. Rotor blade being nonuniform, 
mass per unit length, airfoil thickness, and the width of the spar are variables along the 
span of the rotor blade. For the aerodynamic modeling, a free wake model developed 
by Bagai-Leishman is used along with the reverse flow and unsteady aerodynamics 
model developed by Leishman and Beddoes. Therefore, two different rotor models 
are developed due to the use of two different materials for the same NACA 0012 
airfoil section model. Single-crystal piezoceramics-like PZN-8%PT (111) and soft 
piezoceramic-like PZT-5H have different mechanical properties (Table 11.1), result- 
ing into two different nonuniform rotors having dissimilar natural frequencies as 
shown in Table 11.2. Here the blade with the PZT-5H which is discussed in detail in 
the previous chapter matches the ALH frequencies more closely. However, instead 
of changing the structural characteristics of the PZN-8%PT blade, the host structure 
of blade is kept the same and only the piezoceramic material properties have been 
changed. Since both the density and the stiffness of PZN-8%PT are higher than PZT- 
5H, the effects of the dynamic properties is mixed with an increase in the higher 
flap modes and a decrease in the second lag and first torsion mode. The effect of the 
difference between the two rotors can be seen from the difference in their baseline 
properties. The effect of the piezoceramic actuation can then be evaluated by the 
reduction in vibration from the individual baseline blades [4, 5]. 
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11.3 Influence of Structural Properties 


The aeroelastic analysis performed here considered two types of rotor designs, one 
with PZT-5H and other with PZN-8%PT. Both these designs consider the airfoil 
section to be made of aluminum. This is reasonable in the current book whose 
focus is more on deciding optimum actuator locations, controller development, stall 
alleviation, and the use of nonlinear dıs for PZT-5H and novel single-crystal piezo- 
ceramics. The main effect of including composites in the analysis will be to change 
the stiffness and mass properties of the blade, in particular the torsion stiffness. In 
this book, three different rotor blades were considered including a uniform two-cell 
cross-section blade and two nonuniform cross-section blades. Chord/radius ratios for 
all elements except the first element form the root are kept same. The first element is 
smaller by 17 % than other four elements. Span-wise stiffness and mass variation for 
the PZT-5H-based rotor are depicted in Figs. 10.1, 10.2, 10.3, 10.4 and 10.5. Simi- 
larly, for the PZN-8%PT based rotor, they are shown in Figs. 11.1, 11.2, 11.3, 11.4, 
11.5, 11.6, and 11.7. Figure 11.1 shows the flap stiffness is highest at the root and 
decreases outboard. The lag stiffness is least between 0.4—0.8L and highest at 0.2— 
0.4L (Fig. 1 1.2). The torsion stiffness is highest at the root and decreases outboard as 
seen in Fig. 11.3. It can also be seen from Figs. 11.1 to 11.3 that the element spanning 
from 0.4—0.6L has the least stiffness among all the elements from 0-L. This could be 
suggested as a probable reason for 0.4—0.6L being a potential actuator location. From 
Fig. 11.5, it can be seen that the mass is highest at the root and decreases outboard. 
Figure 11.6 shows that km;? is lowest at the root and highest at the tip. Figure 11.7 
shows that km»? is highest at 0.2—0.4L and lower at the root and 0.4—0.8L. Also note 
that km» values are much greater than km,” values for rotor blade cross sections. A 
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Fig. 11.1 Variation of ET, for PZN-8%PT rotor 
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Fig. 11.2 Variation of ET. for PZN-8%PT rotor 
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Fig. 11.3 Variation of GJ for PZN-8%PT rotor 


close comparison between the spanwise properties of the PZT-5H and PZN-8%PT 
rotor shows the trends to be similar with a slight difference in the magnitudes due to 
the different actuator material. 

Table 11.2 shows the frequencies of these three different blade configurations and 
the vibration reduction at u = 0.3 obtained using the closed-loop controller. These 
blades span a range of frequencies and all show substantial vibration reductions. 
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Fig. 11.4 Variation of E A for PZN-8%PT rotor 


1.4 


1.2 


0.4 


Variation of m/m, over the span 


0.2 





Span (0 - L) 


Fig. 11.5 Variation of m /mo for PZN-8%PT rotor 


Therefore, it can be concluded that the active twist concept will also work well for 
a composite blade whose baseline frequencies may be different from the isotropic 
blade. However, composites lead to other nonclassical effects such as transverse 
shear, warping, and couplings which need to be thoroughly investigated. 
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Fig. 11.6 Variation of km? for PZN-8%PT rotor 
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Fig. 11.7 Variation of km$ for PZN-8%PT rotor 


11.4 Importance of Dynamic Stall and Unsteady Flow 
Separation 


The rotor blade with PZT-5H is used to evaluate the importance of dynamic stall 
and flow separation at high-speed forward flight. A comparison of two cases is 
done at an advance ratio of 0.35 to understand the effect of including dynamic stall 
and flow separation in the analysis. Here Case 1: Baseline case with only unsteady 
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Fig. 11.8 Effect of dynamic stall and flow separation on 4/rev hub loads at u = 0.35 


aerodynamics and free wake model and Case 2: Baseline case with unsteady aerody- 
namics, free wake model, unsteady flow separation, and dynamic stall. By performing 
the analysis for two different baseline cases, Case 1 and Case 2, a distinct idea of 
the amount of variation in vibration due to the inclusion of unsteady flow separation 
and dynamic stall can be obtained. Note that the results in the previous chapters 
did not consider flow separation and dynamic stall and were conducted at advance 
ratios of 0.2 and 0.3 which are typical for cruise flight. By including dynamic stall 
and unsteady flow separation in the analysis the overall vibration increased by 18 % 
(Case 2) as compared to the baseline in which only unsteady aerodynamics and free 
wake was included (Case 1). However, the overall vibration levels are measured in 
terms of the objective function J defined in Sect. 9.3. It is clear that dynamic stall and 
flow separation models result in an increase of overall vibration by 18 %. Individual 
percentage increase due to inclusion of dynamic stall and flow separation in the 4/rev 
longitudinal, lateral, and vertical loads are 14.1, 8.9, and 19.9, respectively, as shown 
in Fig. 11.8. Percentage increase in the 4/rev rolling, pitching, and yawing moment 
are 26.5, 5.2, and 18.7, respectively. Hence, including stall in the analysis prevents 
the underprediction of helicopter vibration at high-speed flights where significant 
flow separation exists on the rotor disk. 


11.5 Actuator Placement for PZT-5H 


Placement of actuators is investigated using the strain rate feedback controller in the 
presence of unsteady aerodynamics, free wake, flow separation, and dynamic stall 
environment. This is done by comparing the amount of reduction obtained on varying 


11.5 Actuator Placement for PZT-5H 229 


the placement of actuators by setting the electric field to zero for nonactive actuators. 
There are five possible locations of the actuator corresponding to five finite elements 
(from root(0) to tip(L))located over the blade span. Each of these element has a span 
of 20 % of the blade length. Three sets of analysis were performed for achieving the 
optimum location of actuators. The PZT-5H actuators are given an electric field of 
400 Volt. The nonlinearity of the dıs value of PZT-5H is accounted for using the 
relationship demonstrated in [3]. 


dis = 737.3411 + 159.699 E, + 102.653 E,? — 39.006E,° + 5.4985E,^. (11.1) 


The variation in vibration (J ) from their baselines corresponding to different con- 
figurations of actuators is given in Table 11.3 for PZT-5H. There are two occurrences 
of an increase in vibration from the baseline in Table 11.3 and are indicated by 1. 
All other cases in Table 11.3 mark reductions from the baseline in percentage. It is 
important to notice that the increase in number of actuators from one to two has a 
considerable effect on vibration reduction when compared to increment from two to 
three. In general, for the rotor studied here, it appears that the center locations are bet- 
ter than the locations near the root or the tip. This is most likely due to the low-torsion 
stiffness of the finite elements in the center region. We see that at u = 0.3, substantial 
vibration reduction of 39 96 can be obtained by even one actuator placed between 
60 to 80 % blade span. Again, two actuators placed between 20 and 60 % along the 
blade result in a vibration reduction of about 45 % at u = 0.3. Finally, if the above 
two best cases are considered and actuators were placed between 20 and 80 % of the 


Table 11.3 Variation in vibration for different actuator configurations with PZT-5H in the presence 
of dynamic stall and flow separation 


One actuator 


Location on blade Percentage variation in vibration (J) 

i - 038 
0.2L-0.4L 7.18 4 
0.4L-0.6L 12.01 
0.6L-0.8L 1.80 
OSLA (Tip 351 
Two actuator 
Location on blade Percentage variation in vibration (J) 
0.2L-0.6L 12.2 
0.4L-0.8L 10.40 
Three actuator 
Location on blade Percentage variation in vibration (J) 
0.2L-0.8L 21.02 
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blade span, a vibration reduction of about 49 % is obtained at u = 0.3. This means 
that soft PZT-5H can be used to reduce vibration levels by 50 96 at typical moderate 
forward speed of u = 0.3. Next, we look at the results for u = 0.35 in Table 11.3. 
For a single actuator, the best vibration reduction of about 12 % is obtained for the 
actuator placed between 40 and 60% of the blade span. Two actuators placed at 
20 to 60% of the blade span also result in a maximum reduction of about 12%. 
Even with three actuators placed between 20 to 80 96 of the blade span, the vibration 
reduction is only 21 96 at u = 0.35. Thus the maximum vibration reduction obtained 
using PZT-5H has deteriorated from about 50% at u = 0.3 to only about 20% at 
u = 0.35. 

As seen in Table 11.3, vibration reduction at advance ratios of 0.3 and 0.35 is max- 
imum with three actuators spanning 0.2L—0.8L. With the optimum locations of the 
actuators (0.2L-—0.8L), a feedback control is done to study the effect of dynamic stall 
and unsteady flow separation on vibration levels. A reduction of 48.7 and 21.02 % is 
obtained at advance ratios of 0.3 and 0.35, respectively. Vibration reduction obtained 
was less at ju = 0.35 compared to u = 0.3 due to the fact that very high-unsteady loads 
are generated due to dynamic stall and unsteady separation and a higher amount of 
twist is required to overcome this at u = 0.35. At u = 0.3, if dynamic stall and flow 
separation model is not used, the vibration reduction is about 67%. These results 
indicate a limitation of the PZT-5H material which is not able to generate the amount 
of unsteady airloads required through active twist to reduce a large amount of vibra- 
tion even on applying high electric fields and using the strong nonlinear increase of 
dis with increase in electric field. 


11.6 Actuator Placement for PZN-8%PT 


The results in the previous section suggest the need of using materials other than 
PZT-5H which can generate higher amplitudes of induced shear strain. In general, 
low actuation stroke is a limitation of piezoceramic materials which inhibit their use 
in many actuator applications. Piezoelectric shear strain coefficient d5 is the key 
measure in case of shear strain-induced active control mechanism. It was proposed 
very recently by Liu et al. that single-crystal ceramics like PZN-8%PT (111) have 
a very high-shear strain coefficient djs. It is important to mention here that djs of 
single-crystal ceramics like PZN-8%PT (111) at 200 V is almost 13 times that of 
PZT-5H at 400 Volt. In order to obtain higher reduction of vibration, there is a need 
to investigate the capability of such new materials. Table 1 1.4 describes a parametric 
study of the variation in vibration (J) with different actuator locations for the newly 
evolved material PZN-8PT. For all the results in this chapter, PZT-5H is actuated at 
400 V and PZN-8%PT at 200 Volt. First, considering the results at u = 0.3 with a 
single actuator, the vibration reduction is about 40 % with actuators placed between 
40 and 60 46 of the blade span which is different than for PZT-5H (see Table 11.3). For 
two actuators, the best location is between 40 and 80 % giving a vibration reduction 
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Table 11.4 Variation in vibration for different actuator configurations with PZN-8%PT in the 
presence of dynamic stall and flow separation 


One actuator 


Location on blade Percentage variation in vibration (J) 
i - 038 
0.2L-0.4L 10.31 
0.4L-0.6L 28.35 
0.6L-0.8L 2231 
Two actuator 
Location on blade Percentage variation in vibration (J) 
0.2L-0.6L 34.3 
0.4L-0.8L 41.72 
Three actuator 
Location on blade Percentage variation in vibration (J) 
0.2L-0.8L 59.34 


of about 64 %. Again, this is different compared to PZT-5H where 20 to 60 % was the 
best location. But, with three actuators, the location between 20 to 80 96 of the blade 
span is found to be best, which is the same as was obtained for PZT-5H. We note 
that at u = 0.3, the maximum vibration reduction with one, two, and three actuators 
increases from 39, 45, and 49% for PZT-5H to about 40, 64, and 71 9o of PZN- 
8%PT, a percent improvement of 1, 19, and 22, respectively. However, the really 
large improvement using the single-crystal actuator is seen at u = 0.35 in Table 11.5. 
The actuator locations for the best performance are the same as at u = 0.3. The 
maximum reduction in vibration for one, two, and three actuators increases from 12, 
12, and 21 % for PZT-5H to about 28, 48, and 59 % for PZN-8%PT, a percent increase 
of 16, 36, and 38, respectively. Optimum location is being 0.2L—0.8L, considering 3 
actuators of span 20 % of the total blade length. 

On comparing the results obtained for PZT-5H (Table 11.3) and PZN-8%PT 
(Table 11.4), it can be observed that for most cases, vibration reduction obtained 
by PZN-8%PT is higher than PZT-5H. With the optimum locations of 0.2L—0.8L, 
vibration reduction obtained at an advance ratio of 0.3 for PZT-5H and PZN-8%PT 
was 48.7 and 70.5 %, respectively. At an advance ratio of 0.35, a reduction of about 
21 and 59 % was obtained for PZT-5H and PZN-8%PT, respectively. These results 
lead toward marking PZN-8%PT as an efficient material as compared to PZT-5H. 
It is worthy to mention here that experimental investigations should be carried out 
before any conclusive point can be made about the use of single-crystal piezoceram- 
ics in helicopter rotor blades. The theoretical analysis and findings presented here 
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Table 11.5 Failure of a single actuator in PZN-8%PT rotor 
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propose single-crystal piezoceramics-like PZN-8%PT (111) to be used for experi- 
mental studies. 

In the absence of dynamic stall and flow separation models, vibration reduction 
obtained by PZN-8%PT at an advance ratio of 0.3 was 74.36 %. This was marginally 
higher than that obtained by PZT-5H (67 96). Also, it should be noted that vibration 
reduction falls by about 4 % (74.36 to 70.50 96) in case of PZN-8%PT by including 
dynamic stall and unsteady flow separation in the analysis as compared to 18 (67 to 
49) % in PZT-5H at u = 0.3. This indicates that the presence of dynamic stall and 
flow separation demands higher stroke/generation of unsteady loads to alleviate the 
vibration. So in such cases, the need of PZN-8%PT-like materials arises. 


11.7 Robustness of Controller 


Here the attempt is to investigate the robustness of the closed-loop controller. Robust- 
ness is assessed by evaluating its performance on addition of random noise to the 
sensed values. This simulates a condition where the sensor output is contaminated 
with noise. Suppose, £ is the strain rate predicted by the aeroelastic simulation then 
noise is added in the following way to find the new noisy value é” = è (1 + o, R,), 
where o, is the measure of the noise level in the simulated data and R, is the ran- 
dom number generated between —1 and 1. Here, o, characterizes the deviation in 
percentage from the optimum-sensed variables. Figure 11.9 shows the comparison 
of three cases. Case 1: J with accurately sensed variables, Case 2: Mean value of J 
for 20 cases, and Case 3: worst case of J out of 20 cases. The results show that the 
vibration reduction is only slightly affected by the presence of noise in the sensor 
measurements thereby showing that the controller is robust to the presence of noise 
in the data. Even for a high noise level of 20 96, the worst case result shows a degra- 
dation of only 3.4 96 in the vibration reduction showing that the feedback controller 
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Fig. 11.9 Comparison of variation in J with different values of noise level o; added to simulated 
data 


is robust for use in the noisy helicopter rotor environment. Here the rotor blade with 
PZT-5H was used for evaluating the performance of the controller and the advance 
ratio was u = 0.3. 


11.8 Vibration Reduction Due to PZT-5H and PZN-89?c PT 


With the optimum locations of the actuators (0.2L-0.8L), an investigation to study 
the effect of piezoceramic actuation on vibration reduction is carried out. Cases 
corresponding to advance ratios of 0.3 and 0.35 for both PZT-5H and PZN-8PT 
are investigated in greater detail by studying their torsion response and hub load 
variation from the baseline. These allow comparison of performance between the 
two materials selected for piezoceramic actuation. 

At u = 0.3, relative vibration reduction from baseline for PZT-5H and PZN- 
8%PT (111) is 48.7 and 70.5 %, respectively. Figure 11.10 demonstrates that a max- 
imum twist of 2.5? and 4.1? is generated at u = 0.3 for PZT-5H and PZN-8PT, 
respectively. Here Ad is the difference between the torsion response of the con- 
trolled blade and the baseline blade. Also, as expected there is substantial higher 
harmonic content in the active twist. It is clear that PZN-8%PT can generate the high 
levels of twist required for feasibility of the active twist rotor concept. 

At = 0.35, relative vibration reduction from baseline for PZT-5H and PZN- 
8%PT (111) is 21.02 and 59.34 %, respectively. The active twist generated at u = 
0.351s shown in Fig. 11.11. This figure depicts that a maximum twist of 1.7? and 4.4? 
is obtained for PZI-5H and PZN-8%PT, respectively. From Figs. 11.10 and 11.11, 
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Fig. 11.10 Active twist at u = 0.3 in the presence of dynamic stall and flow separation 


we see a significant negative twist of the blade on the retreating side near an azimuth 
angle of 300°. Since the retreating blade experiences the highest levels of dynamic 
stall and flow separation, the controller alleviates these problems by providing the 
negative twist in this region. It is clear that PZN-8%PT is able to provide a negative 
twist of upto —4° in contrast to about —2? by PZT-5H. 
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Fig. 11.11 Active twist at u = 0.35 in the presence of dynamic stall and flow separation 
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Individual comparison of all 4/rev hub forces with that of their respective baseline 
cases for PZT-5H and PZN-8%PT (111) at an advance ratio of 0.3 is depicted in 
Figs. 11.12 and 11.13, respectively. As can be seen in Fig. 11.12, a reduction of 55.6 
and 69.7 % occurs for the PZT-5H rotor in F, and M,, respectively. But, increments 
of 20.4, 28.9, 20.1, and 18.8 % occur in Fy, Fy, M, and M,, respectively. 

Figure 11.13 shows a reduction of 68.9, 65.4, 67.5, 76.9 and 75.4 % for the PZN- 
8%PT rotor in Fy, Fy, Mx, M, and M,, respectively. An increment in F; of 29.6 96 
is observed. 

Comparison of the 4/rev hub loads with baseline at an advance ratio of u = 0.35 
is shown in Fig. 11.14 for PZT-5H. Reductions of 1.1, 40.4, 19.2, 3.2, and 23.5% 
occur for the PZT-5H rotor in F,, Fz, Mx, M, and M,, respectively. An increment of 
0.31 % occurs in F}. Figure 11.15 depicts the variation in hub forces for PZN-8%PT 
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(111) at uw = 0.35. Reductions of 42.64, 37.3, 90.9, 74.2, 57.8, and 66.9 % take place 
for the PZN-8%PT rotor in F,, Fy, Mx, M, and M,, respectively. An increment by 
54.3 % occurs in F;. 

Note that because of difference in density and especially Young’s modulus 
between PZT-5H and PZN-8%PT (Table 11.2), the dynamics of the two blades are 
different as seen from the rotating blade frequencies in Table 11.3. The baseline 
vibration levels in Figs. 11.12 and 11.14 for the PZT-5H blade is dominated by F;, 
Fy, F, and Mz, which leads to the controller reducing these loads in particular. In the 
case of the PZN-8%PT blade, F,, F, are the dominant loads and the controller seeks 
to reduce them as shown in Figs. 11.13 and 11.15. In all these cases, the controller 
gains are obtained such that J is minimized which results in the reduction of the 
dominant loads. 
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11.9 Variations in Angle of Attack for PZN-8% PT 


It was noticed and observed in the above sections that the single-crystal PZN-8%PT 
performs better than PZT-5H especially at high-speed flight. Therefore, we use PZN- 
8%PT to demonstrate further results. The blade advancing into the relative wind in 
forward flight faces increasing velocities as the forward speed increases. Due to the 
opposite nature of forward speed and rotation speed, as the forward speed increases 
the retreating blade faces decreasing velocities. As a result, the angle of attack has 
to be increased on the retreating side to maintain the roll moment leading to the 
retreating blade stall phenomenon. 

As mentioned earlier, the blade is discretized into five finite elements. For the 
angle of attack (AOA) distributions the first two elements from the root are omitted. 
AOA distributions are plotted only for the last three elements around the azimuth. 
The aim is to investigate if any reductions in the angles of attack occur after the 
open-loop control is applied. 

It is known in helicopter dynamics that 2/rev blade actuation is best for reducing 
stall area, whereas 3/rev, 4/rev and 5/rev actuation is best for reducing vibration in 
a 4 bladed rotor. To reduce the stall area, we therefore use 2/rev actuation. First, 
feedback control analysis with 2 gains associated to 2P sin and 2P cosine component 
(2P is twice per revolution) of the applied control load was attempted using the 
objective function J for vibration minimization (Eq. 9.2). But, it was observed that 
this objective function as expected minimizes only vibration and does not necessarily 
reduce the angle of attack distributions over the rotor disk for the configuration 
which minimizes vibration. This is because vibration depends on the higher harmonic 
forcing on the blade which is due to a complicated combination of time varying angle 
of attack, unsteady aerodynamics, stall, and nonuniform inflow. In fact, as shown 
recently in a validation study by Datta and Chopra [6], nonuniform inflow due to 
free wake model plays an important role not only in low-speed flight but also at high- 
speed flight. Hence, it was found necessary to develop another objective function for 
AOA distributions and then investigate the factors like reductions in angle of attack, 
vibration reduction, and main rotor power reduction. 

To simplify the analysis open-loop control is selected. The sum of the angles of 
attack over the azimuth is individually minimized for each of the three finite elements 
of the blade using 2P open-loop control and an optimum phase is derived. Optimum 
phase is the phase at which maximum vibration reduction occur. The function to be 
minimized is given in Eq. 11.2. Here the third Gauss point is utilized to calculate the 
summations over the azimuth. 


360° 
Fe= > ef, lj =3,4,5. (11.2) 
y —0? 


Figure 11.16 depicts the angle of attack distribution plot over the rotor disk for a 
baseline case at an advance ratio of 0.3. Maximum angle of attack in the baseline case 
is 19.46°. Boundaries of the dynamic stall region for baseline case extended from 
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Fig. 11.16 Baseline angle of attack variation at u = 0.3 for PZN-8%PT rotor 


198° « y < 255°. On performing the control analysis, it was found that there were 
reductions in angle of attack over the rotor disk for a baseline case with PZN-8%PT 
at an advance ratio of 0.3 and a optimum-phased 2P smart load. The maximum AOA 
was reduced to 13.15? on applying the 2P control load. 

Figure 11.17 depicts the angle of attack distribution plot over the rotor disk “with 
control" at an advance ratio of 0.3. Along with the minimization of the angle of attack 
distribution, it was also found that the vibration reduction for this case was 19 %. 
Main rotor power reductions of 2.2 96 occurred. It is important to mention that the 
maximum AOA after the application of 2P control reduced to 13.15? from 19.46°. 
The controller brings down the AOA below 14? over the entire rotor disk. Hence, the 
dynamic stall boundaries reduce to zero at cruise speed. Here the static stall angle 
is considered to be 14? and the region having angle of attack greater than 14? is 
considered as stalled region. The active twist in the presence of 2P control can be 
seen in Fig. 11.18 and 4/rev hub loads and moments are depicted in Fig. 11.19. The 
high F, and F, forces in the baseline rotor are reduced but F; increases. 

Similarly the cases with and without control were investigated at an advance 
ratio of 0.35. Figure 11.20 depicts the angle of attack distribution plot over the rotor 
disk for a baseline case at an advance ratio of 0.35. Maximum angle of attack in 
this baseline case is 28.3? and large parts of the rotor disk are in stall. Applying a 
properly phased 2P control which has minimized the sum of AOA over the rotor disk 
resulted in reducing the maximum angle of attack to 19.6°. 
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Fig. 11.18 2P control-torsion variation at u = 0.3 for PZN-8%PT rotor 
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Fig. 11.19 2P control—4/rev hub loads and moments at u = 0.3 for PZN-8%PT rotor 
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Fig. 11.20 Baseline angle of attack variation at u = 0.35 for PZN-8%PT rotor 
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Fig. 11.21 Open-loop control-angle of attack variation at ju = 0.35 for PZN-8%PT rotor 


Figure11.21 depicts the angle of attack distribution plot over the rotor disk 
“with control" at an advance ratio of 0.35. Main rotor power reduction for this 
case amounted to 4.8%. A vibration reduction of 56% was obtained. In the case 
of advance ratio of 0.35, boundaries of the dynamic stall region for baseline case 
extended from 172? < w < 262°. This was reduced to 183? < y; < 256? on apply- 
ing the 2P control load thus leading to reducing the dynamic stall region by 29°. 
Thus, the results clearly show that 2P control can substantially reduce dynamic stall 
over the rotor disk using single-crystal piezoceramics. In addition, the reduction in 
stall area appears to have a collateral effect of reduction in helicopter vibration and 
main rotor power. At u = 0.35, the active twist in the presence of 2P control can be 
seen in Fig. 11.22 and 4/rev hub loads and moments are depicted in Fig. 11.23. Again, 
it can be observed that there is an increase in the 2/rev active twist and substantial 
reductions in the dominant F, and F, forces for the PZN-8%PT rotor. 


11.10 Actuator Failure and Degradation 


The results obtained until now have shown the possibility of vibration reduction 
using the piezoceramic shear actuation. Single-crystal type piezoceramic materials 
can prove to be excellent actuators for the active twist concept due to their capacity to 
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Fig. 11.22 2P control-torsion variation at u = 0.35 for PZN-8%PT rotor 
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Fig. 11.23 2P control—4/rev hub loads and moments at u = 0.35 for PZN-8%PT rotor 


generate a higher stroke. Nevertheless, there are operational hazards like degradation 
and failure of actuators in which the stroke generation capacity would taper off with 
the degradation/failure of actuators and as a result the attainable reduction in vibration 
would also come down. In order to assess the efficiency of the active controller, 
reduction in vibration is measured in situations like failure of one/two of the three 
actuators located over the span of 0.2—0.8L and in case of degradation of actuators 
upto 30 % using PZN-8%PT (111) as the actuating material. The 30 % reduction in 
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djs for a given actuator simulates losses which occur in piezoceramics because of 
which their induced strain actuation capability is reduced. Such losses can be due to 
the degradation of the smart material, bonding layer imperfections resulting in less 
effective strain transfer than previously assumed (100 96) and environmental effects 
such as temperature which can effect the piezoelectric strain coefficients. Complete 
failure of the actuator is simulated by setting djs to zero in which case the actuator 
retains its mass and stiffness characteristics but is inert in terms of actuation. This 
could simulate a case of electrical malfunction in one actuator. 

Maintaining the same tuning for the active controller obtained previously, effect 
of actuator degradation and failure is analyzed. Table 11.5 shows the fall in vibration 
reduction in J due to failure of one of the three actuators lying between 0.2 L and 
0.8L. When the actuator spanning from 0.2L-0.4L fails a marginal loss of 7-12 
(range for u = 0.3 and u = 0.35) % in vibration reduction is observed. In case if the 
0.4L—0.6L spanning actuator fails a major loss of 27—30 96 in vibration reduction 
takes place. Whereas, in case of 0.6L-—0.8L spanning actuator a loss of about 18 96 
takes place. All these losses are compared with the optimum case where maximum 
reduction in vibration is obtained, 1.e., “No actuator has failed situation" which is 
represented by Joprimum 1n Table 11.5. It is good to note that in case of any single 
actuator failure, at least a vibration reduction ranging from 33 to 41 % is obtained at 
advance ratios of 0.3 and 0.35, respectively. 

Looking into the worst case, investigation for the case of two simultaneous actuator 
failures is addressed. Table 11.6 shows the amount of vibration reduction obtained 
for the above-mentioned case. It can be seen from this table that the actuator spanning 
from 0.4—0.6L is the most important and leads to maximum reduction in vibration 
individually out of actuators located between 0.2—0.8L. Investigating the amount of 
twist generated in the case with 0.2—0.8L being active in comparison to only 0.4— 
0.6L being active allows us to figure out the levels of twist generated with respect 
to baseline. It can be seen from Figs. 11.24 and 11.25 that in case 0.2-0.8L being 
active, higher levels of active twist are generated as compared to 0.4—0.6L. It should 


Table 11.6 Failure of two actuators in PZN-8%PT rotor 
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Fig. 11.24 Comparison of active twist at u = 0.3 for optimum and 2 actuator failure cases 
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Fig. 11.25 Comparison of twist at u = 0.35 for optimum and 2 actuator failure cases 


be noticed that, even if only one actuator (0.4—0.6L) is active and others have failed, 
sufficient levels of active twist are still generated to lead to reduction in vibration. 
On closely looking at Figs. 11.26 and 11.27, one can note the variation in 4/rev 
hub loads for the optimum case with respect to the situation when only 0.4—0.6L is 
active. It can be observed that F, and M, are the loads which are affected most by the 
0.4—0.6L actuator, leading to a reduction in vibration of 40 and 28 % respectively, 
at advance ratios of 0.3 and 0.35. The increment in F, which takes place due to 
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Fig. 11.26 Comparison of 4/rev hub loads at u = 0.3 for different cases 
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Fig. 11.27 Comparison of 4/rev hub loads at u = 0.35 for different cases 


0.2—0.8L being active is eliminated when only 0.4—0.6L is active. Also, reduction in 
M, is only marginally more when 0.2—0.8L are active as compared to 0.4—0.6L being 
active. This contributes to 0.4—0.6L being a good potential location. The variation of 
F, and M, with time over rotor disk is shown in Figs. 11.28, 11.29, 11.30, and 11.31 
for advance ratios of 0.3 and 0.35, respectively. In Fig. 11.28, baseline variation of 
F. with time shows a dominant 2P harmonic content. The other cases also show 
almost a 2P dominant harmonic content with a change in magnitudes, which results 
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Fig. 11.28 Comparison of F, at u = 0.3 for different cases 
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Fig. 11.29 Comparison of F, at u = 0.35 for different cases 


in reduction in vibration. Similar is the case for Fig. 11.29 with an advance ratio 
of 0.35. In Fig. 11.30, the baseline variation of M, with time shows a dominant 1P 
component. The control cases reduce the amplitude at certain places which leads to 
reduction in vibration but are, however, not able to produce a smooth behavior. 
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Fig. 11.30 Comparison of M, at u = 0.3 for different cases 
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Fig. 11.31 Comparison of M, at u = 0.35 for different cases 


Table 11.7 shows the effect of an overall degradation in actuator authority by 30 % 
on vibration reduction. A loss in vibration reduction of 14.8 and 24.5 96 is observed 
due to the degradation of the actuators at advance ratios of 0.3 and 0.35, respectively. 
Again, note that a vibration reduction of 56 and 35 96 is possible at u = 0.3 and 
u = 0.35 even after considerable actuator degradation. 
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Table 11.7 Overall actuator degradation by 30 % in PZN-8%PT rotor 
Joptimum 96 Difference (Loss in 
vibration reduction) % 





11.11 Summary 


A direct attempt to address the minimization of vibration induced by dynamic stall 
in the helicopter at high-speed forward flight by active twist control is made in this 
chapter. An aeroelastic analysis based on the finite element method is used and 
unsteady aerodynamics, free wake, and dynamic stall models are included. Active 
twist is obtained with the help of two different kind of materials; PZT-5H (soft 
ceramic) and PZN-8%PT (single-crystal ceramic). A strain rate feedback controller 
is developed. Optimum locations of the piezoceramic actuators are obtained to attain 
active twist in the rotor blade. It is found that the presence of dynamic stall at high- 
forward speed leads to large stroke requirements which the PZT-5H is not able to 
provide even under high electric fields. Recent advances in materials show that the 
shear coefficient di5 for the PZN-8%PT (111) is an order of magnitude higher than 
that of the PZT-5H and allows generation of much higher induced strain even at 
low fields of 210 V/mm. It is found that vibration reduction of about 70 and 59 96 
is obtained at u = 0.3 and u = 0.35, respectively, using PZN-8%PT which is also 
able to generate upto 4? of active twist. The controller is tested with noisy data and 
found to be robust even in the presence of noise upto 20%. Actuator degradation 
was investigated and it was found that reduction in vibration obtained with 70 96 
efficiency of the actuator led to a loss in reduction in vibration by 15—25 96 as com- 
pared to 100 % efficient actuators. Actuator failure studies resulted into a finding that 
the actuator spanning from 0.4—0.6L proves to be the most important for obtaining 
reduction in vibration. On applying the optimum-phased 2P load corresponding to 
the configuration which has minimized the sum of angle of attack over the rotor disk 
not only leads to reductions in angle of attack over the disk but also proves to be 
beneficial by providing reduction in vibration and contraction of the dynamic stall 
boundaries. 
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Appendix A 
Kinetic and Strain Energy Terms 
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The radial shortening term Tp can be written as 
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Integrating by parts leads to a more convenient form 
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where the centrifugal force F4 is defined as 
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which gives the “centrifugal stiffening” effect on the transverse bending and inplane 
bending equations. 
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Section Properties 


nde 
A= | | E P(n? + £) dndé 
nde 
A= | [ € P n) anc 
nde 
As= | | (E P£) dna 
nc 


a=] fo G piezo P t) dnd& 
n Jé 


As= | | (E Pn dnd 
URES 
en =| | Ec? dndt 
ni 
g- | | En’ dndt 
ni 
EA- | [ Edna 
ni 


GJ = / J GG +22) dnde 
nde 


eB = | | E (n* + £^) dndt 
nv 


ec = f] EX1? dndt 

ne 

E, = | | En dnd£ 
ni 


© Springer International Publishing Switzerland 2016 233 
R. Ganguli et al., Smart Helicopter Rotors, Advances in Industrial Control, 
DOI 10.1007/978-3-319-24768-7 


254 Appendix B: Section Properties 


EA! = [ f E (1* + t^) dnd 
n JE 


EB = | | En i’ + £^) dndé 
nv 


ba = | | ECXT dndc 
944 


where P and P, depend on piezoelectric properties and are given as P = d3; E3 and 
P, = djs E2. However, Ao, A1, A», As, A4, As depend on piezoelectric and section 
properties. 

Blade sectional integrals are defined as 
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Appendix C 
Shape Functions for Space 
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Appendix D 
Shape Functions for Time 
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